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Abstract 
Carbon nanoparticles have gained considerable attention due to their distinguishing features 
including hydrophobic, conducting and thermostable properties. Other features include the 
fine control over the ductile properties, porosity, and surface area of the nanoparticles. These 
features allow the nanoparticles to be designed for applications in drug and vaccine delivery, 
nanoreactors for catalytic reactions, electrode material for energy storage and conversion.  
With the advance in new synthetic techniques, carbon nanoparticles can now be designed 
with control over the particles morphology, which include microporous, mesoporous, hollow, 
core-shell and yolk-shell structures. However, due to the inert nature of carbon, there remains 
a great challenge to prepare carbon nanoparticles not only with a desired morphology and 
porosity, but with desired functionality. Accomplishing this will provide a powerful synthetic 
methodology to prepare the next generation of carbon nanoparticles, improving on the many 
known applications and possibly generate new technologies. This thesis aims to develop 
highly effective and facile methods to prepare carbon nanoparticles with not only controlled 
morphology and porosity, but producing composite nanoparticles (e.g. heteroatom-doping 
and metal nanoparticle inclusion) and greater surface functionality. The additional features 
have provided the design capability to develop better supercapacitors and nanocatalysts.  
The first aspect discussed in this thesis is the development of monodisperse Ag@carbon core-
shell nanospheres by an extended Stöber method. The synthetic method is based on the the 
similarity between the organic sol-gel of resorcinol/formaldehyde (RF) resins and silicate sol-
gel process. This important finding represents a unique method to make carbon nanoparticles 
with morphologies similar to that found with silica. In particular, the well-know Stöber 
method is extended to enable the preparation of Ag, AgBr@RF core-shell nanospheres, 
which after being carbonized under N2 gas produced Ag@carbon core-shell nanospheres. The 
shape and thickness of the shell can be tuned by simply adjusting the synthesis parameters. 
The simple one-pot route can be extended to the preparation of core-shell spheres with other 
metals/metal oxides as cores. The rattle-type Ag, AgBr@meso-SiO2 and yolk-shell structured 
Ag@carbon@meso-SiO2 have been selectively synthesized by calcinations of double layered 
Ag, AgBr@RF@meso-SiO2 under air or nitrogen respectively. This synthesis approach is 
considered to be low cost and more suitable for industrial production. Because of the 
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tunability and functionality of both cores and shells, these complex core-shell and yolk-shell 
spheres have the potential application as nanocatalysts, which have been confirmed by our 
preliminary photocatalysis study. 
The second aspect discussed in this thesis is the design and synthesis of N-doped mesoporous 
carbon nanosphere (N-MCN) via a dual surfactants soft template method for fuel cell 
applications. Here, the technique allows a homogeneous distribution of the doped heteroatom 
nitrogen into the carbon framework, while at the same time the particle size can be adjusted 
from 40 to 750 nm. This method also allows the preparation of N-doped hollow mesoporous 
N-doped carbon nanospheres with a different shell thickness (from 9 to 26 nm) via an outer-
silica-assisted method. This general synthesis protocol has been further extended to 
synthesize N-doped hollow microporous carbon and core-shell structured spheres by a one-
step aminophenol formaldehyde polymer resins coating and polymerisation process. 
Interestingly, graphitic as well as dual heteratoms doped mesoporous carbon spheres have 
been successfully synthesized by a post treatment method. All the resulting materials showed, 
due to their unique mesoporous and heteroatom nitrogen doping nanostructure, greater energy 
conversion performance, for example, in the oxygen reduction reaction (ORR). 
A general and versatile method has also been developed to decorate diverse noble-metal (Pt, 
Au, Rh, Ru, Ag, Pd, Ir) nanoparticles on N-doped mesoporous carbon nanoparticle (N-MCN) 
via a simple impregnation and reduction method. Based on this strategy, confined noble-
metal nanoparitlces in the cage of N-doped hollow mesoporous carbon nanospheres (N-
HMCN) have been fabricated. This method can be further extended to fabricate bimetallic 
nanoparticles (AuPt, AuRh and PtRh) loaded carbon spheres. All the nanostructure 
morphology, porosity and their alloy degree have been controlled, and their catalytic 
hydrogenation performance was evaluated. 
The last part of this thesis reports the synthesis of hierarchical mesoporous yolk-shell 
structured carbon nanospheres (YSCNs) with ordered mesoporous carbon core and 
microporous carbon shell via a versatile Stöber coating method. The YSCNs can be 
synthesized with a unique core, void and shell structure with a controlled and different 
porosity in each structure. For example, the porosity of the shell, core and void contained 
micorpores (<2 nm), mesopores (2-50 nm) and macropores (>50 nm), respectively. The pore 
size on the shell can be tailored from a micropore scale (0.6 nm) to a large mesopore scale 
(~40 nm). The hollow space also can be varied by tunning the silica layer coating thickness. 
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Yolk-shell structured carbon spheres with graphitic carbon or N-doped carbon shell have also 
been designed by controlling the synthesis conditions. These yolk-shell structured carbon 
nanospheres have excellent performances as supercapacitors due to their combined 
hierarchical porous structures. 
The findings reported in this thesis provide a series of well-designed carbonaceous 
nanoparticles in mesoporous, hollow, core-shell and yolk-shell structure. These 
multifunctional compartments have great potential for the design of nanoreactors and 
delivery vehicles, thus opening a new platform for a wide range of applications. 
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Chapter 2 
 
Figure 1 Carbon nanospheres family in different morphology, porous structure 
and functionality 
Figure 2 a) Scheme illustration of hollow N doped carbon spheres prepared by 
extension Stöber coating method; b) TEM image of hollow N doped 
carbon spheres; c) SEM images (inserted HR SEM image) of hollow N 
doped carbon spheres 
Figure 3 a) Scheme illustration of core-shell Ag@carbon spheres prepared by 
extension Stöber coating method; b) TEM image of Ag/AgBr@RF 
spheres; c) TEM image of Ag@carbon spheres; d) XRD spectra of 
Ag@Carbon and Ag/AgBr@RF core-shell nanospheres respectively; e) 
N2 sorption isotherm of Ag@Carbon core-shell nanospheres 
Figure 4 a) Scheme illustration of yolk shell carbon nanoparticles (YSCNs) by 
outer silica assisted method; b-c) TEM images of YSCN (b) and its 
mesoporous core (c), respoectively; d) TEM image of N doped yolk shell 
carbon nanoparticles (N-YSCNs); SEM image of N-YSCN 
Figure 5 a) Scheme of extension Stöber method to produce microporous carbon 
nanospheres; b) SEM image of microporous carbon nanospheres 
prepared by extension Stöber method; c) DLS data of microporous 
carbon nanospheres prepared by extension Stöber method 
Figure 6 a) Scheme illustration of mesoporous carbon nanospheres prepared in 
soft template method; c) SEM images (HR SEM image insert) of 
mesoporous carbon nanospheres; c) TEM image of mesoporous carbon 
nanospheres 
Figure 7 a) SEM images (inset is HRSEM image); b) TEM   (schematic 
representation of the N-doped carbon spheres is shown inset, the blue 
dots represent the N doping); c) STEM and corresponding EELS 
mapping analysis; d) XPS high-resolution N spectrum; and e) nitrogen 
adsorption-desorption isotherms of the resulted N-doped mesoporous 
carbon nanospheres 
Figure 8 a) TEM image, b) HRTEM image, c) XRD, and d) nitrogen adsorption 
desorption isotherms of graphitic N-doped mesoporous carbon 
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nanospheres by using nickel acetate as a catalyst 
Figure 9 a) Scheme illustration of metal decorated N doped carbon (M@NC) 
nanospheres. b,c) SEM and TEM images of Au@NC; d,e) SEM and 
TEM I mages of Pt@NC; f, g) SEM and TEM images of Rh@NC; h, i) 
SEM and TEM images of Ru@NC 
Table 1 Overview of carbon nanospheres synthesized from diverse methods 
 
Chapter 3 
 
Scheme 1 Synthesis procedures and proposed structures of Ag,AgBr@RF and 
microporous Ag@carbon core–shell-structured nanospheres; rattle-type 
Ag,AgBr@meso-SiO2 and yolk–shell-structured Ag@carbon@meso-
SiO2 were obtained from Ag,AgBr@RF polymer core–shell nanospheres 
through a modified version of the Stöber method 
Figure 1 TEM images of A,B) Ag,AgBr@RF core–shell spheres and C,D) 
Ag@carbon core–shell spheres, at different magnifications. E) Wide-
angle X-ray diffraction (WAXRD) patterns of: curve a) Ag, AgBr@RF 
core–shell spheres, curve b) Ag@carbon core–shell spheres. F) Nitrogen-
adsorption–desorption isotherm of Ag@carbon core–shell spheres. 
Figure 2 TEM images of: A,B) Ag,AgBr@RF@meso-SiO2 core–shell–shell 
spheres; C,D) Ag,AgBr@meso-SiO2 yolk–shell spheres; E,F) Ag@-
carbon@meso-SiO2 yolk–shell spheres, at different magnifications. G) 
HAADF-STEM images and H) Bright-field STEM images of 
Ag,AgBr@meso-SiO2 yolk–shell spheres with an EDX line-scan overlay 
Figure S1 The nitrogen adsorption/desorption isotherms of Ag@Carbon core-shell 
nanoparticles synthesised by pyrolyzing the RF sphere at 900 °C 
Figure S2 TEM images of Ag,AgBr@RF core-shell structured nanoparticles 
prepared with different amount of resorcinol formaldehyde monomer: 
(A) resorcinol=1.36 mmol; (B) resorcinol=1.59 mmol; (C) 
resorcinol=1.82 mmol; (D) resorcinol=2.05 mmol 
Figure S3 (A, B) TEM images of core-shell structured nanoparticles encapsulating 
different cores: A) Fe3O4 nanoparticles; B) Fe3O4 nanoparticles and 
Ag/AgBr nanoparticles. (C, D) XRD patterns of: C) Fe3O4@RF; D) 
Ag,AgBr,Fe3O4@RF 
Figure S4 Degree of shape transformation according to the amount of CTAB in the 
system: (A) CTAB=0 g; (B) CTAB=0.1 g; (C) CTAB=0.2 g 
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Figure S5 XRD patterns of rattle type Ag,AgBr@meso-SiO2, Ag@Carbon@meso-
SiO2 yolk shell, and Ag,AgBr@RF@meso-SiO2 core-shell-shell 
structured nanoparticles, respectively 
Figure S6 TEM images of (A), (C) Ag,AgBr@RF@meso-SiO2 core-shell-shell 
nanoparticles synthesized with different amount of CTAB, and (B), (D) 
the resulted Ag@Carbon@meso-SiO2 yolk-shell nanoparticles 
synthesized at different CTAB amounts in mesoporous silica coating: 
(A),(B) 0.137 mmol; (C), (D) 0.274 mmol 
Figure S7 (A, C, E) TEM images of the core-RF shell-mesoporous silica shell 
hybrid materials with different mesoporous silica shell thickness 
synthesised at different TEOS amounts: A) TEOS =0.12 mL; C) TEOS 
=0.24 mL and E) TEOS =0.48 mL. (B, D, F) TEM images of the core-
microporous carbon shell-void-mesoporous silica shell hybrid materials 
with different mesoporous silica shell thickness synthesised at different 
TEOS amounts: B) TEOS =0.12 mL; D) TEOS =0.24 mL and F) TEOS 
=0.48 mL. G) The nitrogen adsorption/desorption isotherms of 
Ag@Carbon@meso-SiO2 yolk-shell nanoparticles synthesised at 
different TEOS amounts: a) TEOS =0.12 mL; b) TEOS =0.24 mL and c) 
TEOS =0.48 mL. H) Pore size distributions obtained from desorption 
branch of the isotherms in (G) 
Figure S8 TEM images of (A), (B), (C) Ag,AgBr@RF@meso-SiO2 core-shell-shell 
nanoparticles synthesized with different amount of resorcinol precursor 
A) 0.15, B) 0.175, C) 0.225 g, respectively. (D), (E), (F) 
Ag@Carbon@meso-SiO2 yolk-shell nanoparticles synthesized with 
different amount of resorcinol precursor D) 0.15, E) 0.175, F) 0.225 g, 
respectively. (G), (H), (I) Rattle type Ag,AgBr@meso-SiO2 nanoparticles 
synthesized with different amount of resorcinol precursor G) 0.15, H) 
0.175, I) 0.225 g respectively 
Figure S9 Photocatalytic hydrogen production properties of the resulted core-shell 
and yolk shell structured photocatalyst 
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Scheme 1 Experimental routes were taken to prepare the N-doped carbon spheres in 
different nanostructures (The blue dots represent the N doping). Route A: 
nitrogen-doped mesoporous carbon nanospheres (N-MCNSs); route B: 
nitrogen-doped mesoporous hollow carbon nanospheres (N-MHCNSs); 
and route C: nitrogen-doped hollow carbon nanospheres (N-HCNSs) 
Figure 1 (a) SEM images (inset is HRSEM image); (b) TEM image (schematic 
representation of the N-doped carbon spheres is shown inset, the blue 
dots represent the N doping); (c) STEM and corresponding EELS 
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mapping analysis; (d) XPS high-resolution N spectrum; and (e) nitrogen 
adsorption–desorption isotherms of the resulted N-doped mesoporous 
carbon nanospheres (N-MCNSs-1) made from route a 
Figure 2 (a) TEM image, (b) HRTEM image, (c) XRD, and (d) nitrogen 
adsorption–desorption isotherms of graphitic N-doped mesoporous 
carbon nanospheres by using nickel acetate as a catalyst 
Figure 3 (a)–(f) TEM images of (a) and (b) N-MHCNSs-500 (schematic 
representation of the mesoporous N-doped carbon spheres is shown 
inset); (c) and (d) N-MHCNSs-700; (e) and (f) N-MHCNSs-900; (g) N2 
sorption isotherm of N-MHCNSs-500, N-MHCNSs-700, N-MHCNSs-
900 prepared from route b 
Figure 4 (a) TEM image of N-doped carbon core–shell sphere with silica core 
synthesized at 3-aminophenol concentration of 0.164 mol L-1; (b) SEM 
and inserted HRSEM images; and (c) TEM image of N-doped hollow 
carbon sphere (N-HCNSs-1) synthesized from route C (schematic 
representation of the N-doped carbon core–shell sphere and N-doped 
hollow carbon sphere are shown insets) 
Figure 5 (a) CV of nanoporous carbons in O2 saturated 0.1 M KOH (0.1 V s-1); (b) 
LSV of nanoporous carbons at 1600 rpm 
Figure S1 a) SEM, b) TEM, and c) High resolution TEM images of mesoporous 3-
aminophenol/formaldehyde (APF) resin polymeric nanospheres 
(MAPFNSs-1) corresponding to N doped mesoporous carbon sphere (N-
MCNSs-1) from route A in Figure 1 
Figure S2 Cross-section TEM images of a) MAPFNSs-1, and b) N-MCNSs-1 in 
route A 
Figure S3 XPS survey spectra of N-MCNSs-1 in route A 
Figure S4 TEM images of a-d) Polymeric APF nanoparticles (MAPFNSs) and e-h) 
their corresponding N-doped carbonaceous nanoparticles (N-MCNSs) in 
route A in the presence of F127 concentration at a), e) 0.14 mM, b), f) 
0.57 mM, c), g) 0.85 mM and d), h) 1.13 mM respectively; i) mean 
particle size statistical study in the presence of different F127 
concentration 
Figure S5-S15  Comparison of the Synthesis Parameters Effects 
Figure S16 a) TEM image, b) HRTEM image and c) XRD of graphitic N-doped 
mesoporous carbon nanospheres by using iron acetate as a catalyst 
Figure S17 a) SEM image, b) TEM image, and c) nitrogen adsorption desorption 
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isotherms of KOH activated N-MCN 
Figure S18 a) SEM image, b) TEM image, c) XPS and d) nitrogen adsorption 
desorption isotherms of sulfur and nitrogen dual doped mesoporous 
carbon nanospheres (S, N-MCN) 
Figure S19 a) SEM image, b) TEM image, c) XPS and d) nitrogen adsorption 
desorption isotherms of boron and nitrogen dual doped mesoporous 
carbon nanospheres (B, N-MCN) 
Figure S20 a), c), e) TEM images of N-doped MHCN@meso-SiO2 from route B in 
the presence of TEOS 80 μL, 100 μL and 150 μL respectively; b), d), f) 
TEM images of resulting N-doped MHCNSs corresponding to sample b), 
d), f) after silica etching. 
Figure S21 a) XPS survey spectrum of N-HCNSs-1 in the route C and its inserted 
high resolution corresponding N spectrum; b) nitrogen adsorption-
desorption isotherm of the resulted N-doped N-HCNSs-1 
Figure S22 a) TEM image of N-doped carbon core-shell sphere with silica core and 
b) HRTEM image of hollow N-doped carbon ellipsoidsphere (N-HCNSs-
2) in route C synthesized at aminophenol concentration of 0.0328mol/L; 
c) TEM image of N-doped carbon core-shell sphere with silica core, and 
d) HRTEM image of hollow N-doped carbon ellipsoidsphere (N-HCNSs-
3) in route C synthesized at aminophenol concentration of 0.0656mol/L 
Figure S23 LSV curves of a) MCN, b) N-MCN, c) N-HCN, d) N-MHCN-700 
catalysts at different rotation rates from 400 to 2400rpm; e) The 
corresponding K-L plots of nanoporous carbon catalysts at -0.4V derived 
from their LSV curves (a-d) at different rotation rates 
Figure S24 Tafel plot of nanoporous carbons derived from LSV curves at 1600 rpms 
Figure S25 LSV of graphitic N-MCNs at 1600 rpm 
Figure S26 a) CV of N-MHCNSs-500, N-MHCNSs-700 and N-MHCNSs-900 at 100 
mV s-1. b) LSV of N-MHCNSs-500, N-MHCNSs-700 and N-MHCNSs-
900 at 1600 rpm 
Figure S27 a) XPS survey spectra of N-MHCNSs-700 and inserted high resolution N 
spectra; b) XPS survey spectra of N-MHCNSs-500 and inserted high 
resolution N spectra; c)XPS survey spectrum of N-MHCNSs-900 and 
inserted high resolution N spectra 
Figure S28 Raman spectra of porous carbon spheres. The dash lines are 1350 cm-1 
and 1580 cm-1 respectively 
 XVI 
 
Figure S29 Stability test: LSV of N-MHCNs-700 before and after 15 h amperometry 
at -0.8V 
Table 1 Physicochemical parameters of N-doped mesoporous carbon spheres and 
hollow spheres 
Table S1 Synthesis parameters of MAPFNSs and N-MCNSs in route A 
Table S2 Comparison of the Synthesis Parameters Effects 
Table S3 Physicochemical Parameters of Selected N-Doped Mesoporous Carbon 
Spheres and Hollow Spheres 
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Scheme 1 Scheme illustration for metal loaded N doped carbon nanosphere. Route 
A: metal confined mesoporous N doped carbon nanosphere; Route B: 
rattle-type metal nanoparticle confined N doped mesoporous hollow 
carbon nanosphere 
Figure 1 a-d) SEM images of N-MCN@Au, N-MCN@Pt, N-MCN@Rh and N-
MCN@Ru respectively. e-h) TEM images N-MCN@Au, N-MCN@Pt, 
N-MCN@Rh and N-MCN@Ru, repectively, with inserted metal particle 
size distribution. i-l) cross-section TEM images of N-MCN@Au, N-
MCN@Pt, N-MCN@Rh and N-MCN@Ru, respectively m-p) EDS 
spectra of N-MCN@Au, N-MCN@Pt, N-MCN@Rh and N-MCN@Ru, 
respectively 
Figure 2 a), b), c) Cross-section TEM images of N-MCN@AuPt, N-
MCN@AuRh, N-MCN@PtRh, respectively; d), e), f) EDS spectra of  N-
MCN@AuPt, N-MCN@AuRh, N-MCN@PtRh, respectively; g), h), i) 
HRTEM images N-MCN@AuPt, N-MCN@AuRh, N-MCN@PtRh, 
repectively 
Figure 3 a), e), i) SEM, TEM and EDS spectra of N-HMCN@Pt; b), f), j) SEM, 
TEM and EDS spectra of N-HMCN@Au; c), g), k) SEM, TEM and EDS 
spectra of N-HMCN@Rh; d), h), l) SEM, TEM and EDS spectra of N-
HMCN@Ru; i) N2 sorption isotherms of N-HMCN@Pt, N-HMCN@Au, 
N-HMCN@Rh and N-HMCN@Rh, respectively 
Figure 4 a-c) HRSEM images of N-HMCN@AuPt, N-HMCN@AuRh, N-
HMCN@PtRh respectively. d-f) HRTEM images of N-HMCN@AuPt, 
N-HMCN@AuRh, N-HMCN@PtRh respectively. g-i) EDS spectrum of 
images of N-HMCN@AuPt, N-HMCN@AuRh, N-HMCN@PtRh 
respectively. j) N2 sorption isotherms of images of N-HMCN@AuPt, N-
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HMCN@AuRh, N-HMCN@PtRh respectively 
Figure 5 a), d), g) SEM, TEM and EDS spectra of yolk shell NC@Au@NC@Pt; 
b), e), h) SEM, TEM and EDS spectra of yolk shell NC@Au@NC@Rh; 
c), f), i) SEM, TEM and EDS spectra of yolk shell NC@Pt@NC@Rh 
Figure 6 a) The conversion of benzaldehyde to benzyl alcohol and toluene. 
Reaction conditions: 0.05M of benzaldehyde, 6 mL of water, 
substrate/metal = 35, 3 MPa of hydrogen and room temperature. b) The 
conversion of benzaldehyde to benzyl alcohol and toluene. Reaction 
conditions: 0.05M of benzaldehyde, 6 mL of water, substrate/metal = 35, 
3 MPa of hydrogen and 353 K. c), The selectivity to benzyl alcohol and 
toluene production at 70% conversion. Reaction conditions: 0.05M of 
benzaldehyde, 6 mL of water, substrate/metal = 35, 3 MPa of hydrogen 
and 353 K 
Figure S1 STEM image of N-MCN@Pt nanospheres and their corresponding EELS 
mapping analysis 
Figure S2 XRD spectrum of N-MCN@Au, N-MCN@Pt, N-MCN@Rh and N-
MCN@Ru nanospheres 
Figure S3 a, b, c, d) HRTEM images of Au, Pt, Rh, Ru nanoparticles deposited on 
N-MCNs 
Figure S4 a, b, c, d) XPS spectrum of  N-MCN@Au, N-MCN@Pt, N-MCN@Rh 
and N-MCN@Ru nanospheres 
Figure S5 a, b, c, d) TGA curves of N-MCN@Pt, N-MCN@Au, N-MCN@Rh and 
N-MCN@Ru nanospheres respectively 
Figure S6 a, b, c) SEM images of N-MCN@Pt nanosphere dispersed in 5mM, 
10mM and 25mM K2PtCl6•6H2O solution. d, e, f) HRTEM images of N-
MCN@Pt nanosphere dispersed in 5mM, 10mM and 25mM 
K2PtCl6•6H2O solution 
Figure S7 a, b, c) SEM images of N-MCN@Au nanosphere dispersed in 5mM, 
10mM and 25mM HAuCl4•3H2O solution. d, e, f) HRTEM images of N-
MCN@Au nanosphere dispersed in 5mM, 10mM and 25mM 
HAuCl4•3H2O solution 
Figure S8 a, b, c) SEM images of N-MCN@Ru nanosphere dispersed in 5mM, 
10mM and 25mM RhCl3 solution. d, e, f) HRTEM images of N-
MCN@Ru nanosphere dispersed in 5mM, 10mM and 25mM RhCl3 
solution 
Figure S9 a, b, c) SEM images of N-MCN@Ru nanosphere dispersed in 5mM, 
10mM and 25mM RuCl3 solution. d, e, f) HRTEM images of N-
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MCN@Ru nanosphere dispersed in 5mM, 10mM and 25mM RuCl3 
solution 
Figure S10 a, b, c, d) XRD spectrum of N-MCN@Pt, N-MCN@Au, N-MCN@Rh 
and N-MCN@Ru nanospheres respectively 
Figure S11 a, b, c, d) N2 sorption isotherm of N-MCN@Pt, N-MCN@Au, N-
MCN@Rh and N-MCN@Ru in different metal loading concentrations 
respectively 
Figure S12 a, b) TEM images and HRTEM images of MCN@Pt; c, d) TEM images 
and HRTEM images of MCN@Ru 
Figure S13 a, b, c) TEM images of N-MCN@Ag, N-MCN@Pd and N-MCN@Ir 
respectively. d, e, f) XPS survey spectrum and inserted high resolution 
featured metal spectrum of N-MCN@Ag, N-MCN@Pd and N-MCN@Ir 
respectively. g, h, i) XRD spectrum of N-MCN@Ag, N-MCN@Pd and 
N-MCN@Ir respectively 
Figure S14 a, b, c) SEM images of N-MCN@AuPt, N-MCN@AuRh and N-
MCN@PtRh respectively. d, e, f) TEM images of N-MCN@AuPt, N-
MCN@AuRh and N-MCN@PtRh respectively. g, h, i) XRD spectrum of 
N-MCN@AuPt, N-MCN@AuRh and N-MCN@PtRh respectively 
Figure S15 XPS of N-MCN@bimetallic nanoparitlces. a) N-MCN@AuPt, b) N-
MCN@AuRh, c) N-MCN@PtRh 
Figure S16 N2 sorption isotherm of N-MCN@bimetallic nanoparitlces. a) N-
MCN@AuPt, b) N-MCN@AuRh, c) N-MCN@PtRh 
Figure S17 a, b, c, d) TEM images of N-MHCN@Pt@meso-SiO2, N-
MHCN@Au@meso-SiO2, N-MHCN@Rh@meso-SiO2, N-
MHCN@Ru@meso-SiO2 core shell nanosphere. e) N2 sorption isotherm 
of N-MHCN@Pt@meso-SiO2, N-MHCN@Au@meso-SiO2, N-
MHCN@Rh@meso-SiO2, N-MHCN@Ru@meso-SiO2 core shell 
nanosphere. f) pore size distribution of N-MHCN@Pt@meso-SiO2, N-
MHCN@Au@meso-SiO2, N-MHCN@Rh@meso-SiO2, N-
MHCN@Ru@meso-SiO2 core shell nanosphere 
Figure S18 a, b, c, d) TEM images of rattle type N-MCN@Pt, rattle type N-MCN 
@Au, rattle type N-MCN @Rh, rattle type N-MCN @Ru respectively. e, 
f, g, h) XRD spectrum of rattle type N-MCN @Pt, rattle type N-MCN 
@Au, rattle type N-MCN @Rh and rattle type N-MCN @Ru 
respectively 
Figure S19 a, b, c, d) XPS survey spectrum of rattle type N-MCN @Pt, rattle type N-
MCN @Au, rattle type N-MCN @Rh and rattle type N-MCN @Ru 
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respectively 
Figure S20 a, b) TEM and HRTEM images of pseudo N-MHCN@Au nanosphere; c, 
d) TEM and HRTEM images of pseudo N-MHCN@Pt nanosphere; e, f) 
a, b) TEM and HRTEM images of pseudo N-MHCN@Rh nanosphere; g, 
h) TEM and HRTEM images of pseudo N-MHCN@Ru nanosphere. i) 
N2 sorption isotherm of pseudo N-MHCN@Au nanosphere, pseudo N-
MHCN@Pt nanosphere, pseudo N-MHCN@Rh nanosphere, pseudo N-
MHCN@Ru nanosphere respectively 
Figure S21 a-c) SEM images of rattle type N-HMCN@PtAu, N-HMCN@AuRh, N-
HMCN@PtRh respectively. d-f) TEM images of rattle type N-
HMCN@PtAu, N-HMCN@AuRh, N-HMCN@PtRh respectively. g-i) 
XRD spectrum of rattle type N-HMCN@PtAu, N-HMCN@AuRh, N-
HMCN@PtRh respectively 
Figure S22 XPS of rattle type bimetallic cores confined N-HMCNs. a) rattle type N-
HMCN@AuPt, b) rattle type N-HMCN@AuRh, c) rattle type N-
HMCN@PtRh 
Figure S23 a) N2 sorption isotherm of yolk shell structured N-MCN@Au@N-
MCN@Rh nanospheres, yolk shell structured N-MCN@Pt@N-
MCN@Rh nanospheres and yolk shell structured N-MCN@Au@N-
MCN@Pt nanospheres. b) pore size distribution of yolk shell structured 
N-MCN@Au@N-MCN@Rh nanospheres, yolk shell structured N-
MCN@Pt@N-MCN@Rh nanospheres and yolk shell structured N-
MCN@Au@N-MCN@Pt nanospheres 
Figure S24 Reaction scheme of benzaldehyde hydrogenation 
Table S1 Physical and chemical parameters for metal loaded carbon nanospheres 
Table S2 The TOF of the catalysts in hydrogenation reaction 
 
Chapter 6 
 
Scheme 1 Schematic illustration of the procedure for synthesis of yolk–shell 
structured carbon nanospheres (YSCNs) in route 1 and nitrogen doped 
yolk–shell structured carbon nanospheres (N-YSCNs) in route 2 
Figure 1 (a) TEM image of YSCN-200-700; (b) HRTEM of yolk in YSCN-200-
700; (c) SEM image of YSCN-200-700; (d) HRSEM image of broken 
YSCN-200-700; (e) N2 sorption of isotherm of YSCN-200-700; (f) pore 
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size distribution of YSCN-200-700; (g) XRD pattern of YSCN-200-700 
Figure 2 (a) TEM image of N-50-YSCN-200-700; (b) HRTEM image of N-50-
YSCN-T200-700; (c) SEM image of N-50-YSCN-200-700; (d) HRSEM 
image of N-50-YSCN-200-700; (e) N2 sorption isotherm of N-50-
YSCN-200-700; (f) XPS survey spectrum of N-50-YSCN-200-700 and 
its corresponding high resolution N 1s spectrum.  
 
Figure 3 (a–d) CV curve of YSCN-200-700, YSCN-200-900, N-50-YSCNT200-
700, N-50-YSCN-900 respectively 
Figure S1 a-d) TEM image of YSCN@meso-SiO2-80-700, YSCN@meso-SiO2-
100-700, YSCN@meso-SiO2-150-700, YSCN@meso-SiO2-200-700 
Figure S2 a-c) SEM images of YSCN-80-700, YSCN-100-700 and YSCN-150-
700; d-f) TEM images of YSCN-80-700, YSCN-100-700 and YSCN-
150-700 
Figure S3 a) TEM image of LP-YSCN-200-900; b) HRTEM of shell in LP-YSCN-
200-900; c) SEM image of LPYSCN-200-900; d) HRSEM image of 
broken LP-YSCN-200-900; e) N2 sorption isotherm of LP-YSCN-200-
900 and inserted BJH pore size distribution of LP-YSCN-200-900 
Figure S4 TEM image of RF@APF50 
Figure S5 a-d) SEM images of N-20-YSCN-200-700, N-50-YSCN-T200-700, N-
150-YSCN-200-700, N-200-YSCN-200-700; e-h) TEM images of N-20-
YSCN-200-700, N-50-YSCN-T200-700, N-150-YSCN-200-700, N-200-
YSCN-200-700; i-l) HRTEM images of N-20-YSCN-200-700, N-50-
YSCN-T200-700, N-150-YSCN-200-700, N-200-YSCN-200-700. 
Figure S6 a-d) TEM images of N-20-CSCN-700, N-50-CSCN-700, N-150-CSCN-
700, N200-CSCN-700; e-h) SEM images of N-20-CSCN-700, N-50-
CSCN-700, N150-CSCN-700, N-200-CSCN-700 
Figure S7 CV curve of LP-YSCN-200-900. 
Figure S8 a-d) CV curve of N-20-YSCN-200-700, N-150-YSCN- 200-700, N-200-
YSCN-200-700 respectively 
Figure S9 a-d) CV curve of N-20-CSCN-200-700, N-50-CSCN-200-700 and N-
200-CSCN-200-700 respectively 
Figure S10 a-c) Galvanostatic charge/discharge curves of the a) YSCN-200-900, b) 
N50-YSCN-200-900 and c) LPYSCN-200-900; d)Specific capacitance 
plot of the YSCN-200-900, N50-YSCN-200-900 and LP-YSCN-200-900 
calculated from the discharge curves versus current density 
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Table 1 Textural parameters of porous carbon nanospheres 
Table S1 Physical and chemical properties of hierarchical YSCNs and N-YSCNs 
Table S2 Capacitances of hierarchical YSCNs and N-YSCNs with different 
nanostructures and compositions 
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Chapter 1 
Chapter 1 Introduction 
 
 
1.1 Significance of the project 
 
 In the rapid development of nanotechnology, zero dimensional nanomaterials-nanoparticles 
have gained considerable attention due to their excellent performance as delivery carriers, 
nanoreactors and energy storage and conversion. Among them, carbon nanoparticles are a 
highly attractive candidate because of their excellent catalytic, electronic and optical 
properties. Moreover, porous carbon materials with microporous, mesoporous, macroporous 
or hierarchical porous structure have shown promising applications in catalysis, adsorption, 
separation and biotechnology. Up to now, microporous, mesoporous, hollow, core-shell, 
yolk-shell structure have become the five major categories in morphology control of carbon 
nanoparticles. Various synthetic methods including the hard template method, the soft 
template method and the extension of the Stöber method have been developed to prepare 
carbon nanoparticles with controlled morphology. Recently, carbon nanoparticles with 
unique functionalities such as controlled heteroatome doping, organofunctionalization, 
graphitization and metal decoration have shown superior performance in a wide range of 
emerging applications. However, due to the inert nature of carbon materials, these particles 
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have a limited range of applications. Therefore, it is highly desirable to explore facile and 
effective methods to control the porosities, morphologies, structures, and functionalities of 
these carbon nanoparticles for diverse applications.  
1.2 Research objective and Research contributions 
 
The major goal of this thesis is to develop a series of carbonaceous nanoparticles with well 
controlled porosities, morphologies, structures and functionalities. Various novel synthesis 
methods have been well developed and their promising applications in nanoreactors, energy 
storage and conversion have also been carefully studied. Specifically, the objectives of this 
thesis are: 
Developing a general extension Stöber method to coat carbon layer on metal or metal oxide 
core to form core-shell structured nanoparticles. 
Synthesizing mesoporous N-doped carbon nanoparticles via a dual surfactants template 
method. 
Preparing hollow mesoporous N-doped carbon nanoparticles via a silica coating method. 
Providing a general method to decorate noble-metal nanoparticles on carbon spheres with 
mesoporous, rattle-type and yolk-shell structure. 
Investigating a silica coating method to generate yolk-shell structured carbon nanoparticle 
with mesoporous core and microporous shell. 
Understanding the formation mechanisms and studying the chemical and physical properties 
of these novel structured carbon nanoparticles. 
Improving metal-free catalyst by doping heteroatom (N, S, B) into the framework of carbon 
nanoparticles to produce heteroatom doped carbon nanoparticle with mesoporous or hollow 
structures with efficient (oxygen reduction reaction) ORR performance. 
Promoting the capacity of supercapacitor via the design of yolk-shell structured carbon 
nanoparticles with hierarchical porous structure. 
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The findings in this thesis will clearly indicate the development of carbonaceous 
nanoparticles with accurate morphology control that can be achieved through improved 
chemistry. These carbon nanoparticles with novel design have good performance in various 
applications such as electrochemistry, nanoreactor, energy storage and conversion. 
1.3 Thesis outline 
The chapters in this thesis are presented in the following sequence:  
Chapter 1 introduces the background of the thesis and outlines the scope and key 
contributions to the field of research. 
Chapter 2 reviews the literatures covering the recent development of carbon nanoparticles 
synthesis, morphology adjustment, functionality control and their promising applications. 
Chapter 3 presents a facile fabrication of core–shell-structured Ag@carbon and mesoporous 
yolk–shell-structured Ag@carbon@silica by an extended stöber method. 
Chapter 4 studies the synthesis of N-doped mesoporous carbon spheres and N-doped 
mesoporous hollow carbon spheres, their catalytic oxygen reduction reaction performance 
have been systematically evaluated. 
Chapter 5 demonstrates a general method for controlled synthesis of noble-metal 
nanoparticles loaded onto nitrogen doped carbon nanospheres with mesoporous and rattle 
type structures. 
Chapter 6 introduces the novel design of mesoporous yolk-shell structured carbonaceous 
nanospheres via a silica coating method, their supercapacitor applications have also been 
evaluated. 
Chapter 7 presents the overall conclusions and recommendations for future work on carbon 
sphere synthesis and their promising applications. 
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Chapter 2 
Chapter 1 Literature review 
The aim of Chapter 2 is to provide a background to the synthesis, porous structure and pore 
size control, chemical functionalization of carbon nanoparticles. The first part of the chapter 
will review the current state-of-the-art in the synthesis of carbon nanoparticles. A detailed 
discussion of the development in the control over the morphology of carbon nanoparticles, 
including hollow, core-shell and yolk-shell structures, will then be given. Complementing the 
general synthesis of the morphology, the preparation of microporous, mesoporous and 
macroporous structured carbon nanoparticles with controlled porosity will then be described. 
Next, an overview will be given of the progress in functionalization of carbon nanoparticles, 
including the control of heteroatom doping, graphitization and metal decoration. The chapter 
will conclude with a description of the potential applications of these nanoparticles as 
therapeutics delivery carriers, nanoreactors, and energy conversion and storage.  
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2.1 Introduction 
Carbon is the most commonly utilized element and has been widely studied by materials 
scientists and chemists. Owing to the different hybrid orbitals such as sp2 and sp3, carbon 
materials have distinctive and diverse properties. Diamond, for example, has sp3 hybrid 
orbitals and is probably the hardest material; whereas, carbon materials with sp2 hybrid 
orbitals such as graphites can be soft enough to produce pencils. Fullerenes, carbon 
nanotubes and graphenes have become three superstars in carbon family, and two of them, 
fullerenes and graphenes, have been awarded the noble prize in 1996 and 2010, respectively. 
Therefore, these intrinsic and diverse properties of carbon materials have high research value 
for scientists in different fields. 
With the rapid development of nanocarbon and porous materials in the last two deca  des, 
zero dimensional (0-D) nanostructured carbon nanoparticles with unique spherical 
morphology and porous structure (carbon nanospheres) have shown superior activity in 
heterogeneous nanoreactors, energy storage and conversion devices and therapeutic delivery 
carriers due to its short pathways for mass transport and minimum viscous effects. The 
methods to prepare carbon nanospheres can be divided into top-down and bottom-up 
approaches. Among those diverse synthesis techniques such as emulsion, self-assembly, 
surface grafting, extension Stöber methods, two major routes for synthesis of zero 
dimensional carbon nanoparticles via the bottom-up method including hydrothermal 
carbonization (HTC) and condensing polymerization carbonization have been intensively 
investigated. In this thesis, groups of colloidal solid, hollow, core-shell, yolk-shell 
nanoparticles (NPs) have been well classified according to their morphology and structure 
(Figure 1). In addition, a series of strategies have been developed to finely engineer their 
porous structure to form microporous, mesoporous, macroporous and their hierarchical 
porous structures. Moreover, the functionalization in these carbon nanomaterials such as 
heteroatom doping control, graphitization control and metal decoration control will also be 
discussed in detail in this chapter. 
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Figure 1. Carbon nanospheres family in different morphology, porous structure and 
functionality  
2.2 Methods of carbon sphere synthesis 
2.2.1 Hydrothermal carbonization  
Hydrothermal carbonization (HTC), is a general strategy to conduct heat treatment of an 
aqueous solution in a sealed container in order to get high pressure. In the experiment, the 
carbon precursors, normally biomass derivatives molecules, are firstly dissolve in a solvent 
and then transferred to a sealed vessel and left it in an oven beyond the boiling point of the 
solvent. As pressure increases in the sealed container, the aging biomass molecules would be 
in the process of hydrolysis, dehydration, condensation-polymerization, aromatization, 
nucleation and growth. Various carbohydrate sources have been explored such as 
monosaccharide (glucose1 , fructose2, xylose3) and polysaccharides (sucrose4, cellulose5, 
starch6 and cyclodextrins7). The process of converting monosaccharaides and polysaccharides 
to carbon is similar except polysaccharides need to be hydrolysed to monosaccharide in the 
first step. Thereafter, hexose (glucose, fructose) and pentose (xylose) are converted into 5-
hydroxymethyl-2-furaldehyde (HMF) and furfural respectively via the intermolecular 
dehydration or Aldol condensation process; the resulting furan compounds are subsequently 
condensed and polymerized constantly to form primary nanoparticles; then, the dehydration 
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from the hydroxyl group of oligosaccharides leads to aromatization; following that, the 
nucleation takes place when the concentration of aromatic clusters in the aqueous solution 
reach the oversaturation point; at last, the aggregation of primary nuclei clusters results in the 
growth of  micro-sized carbonaceous spheres through intermolecular dehydration. So far, the 
hydrothermal carbonization (HTC) method has been used to successfully prepare 
carbonaceous spheres in various controllable morphologies such as colloidal solid1-7, 
mesoporous, hollow, core-shell, yolk-shell structures. HTC technique has many advantages in 
carbon nanospheres fabrication because of its simple preparation, available raw materials and 
low cost. However, the relative low conversion rate is a major limitation for its extensive use 
and scale up. 
2.2.2 Condensing polymerization-carbonization 
Polymeric resins are the most popular carbon precursors to produce zero dimensional carbon 
nanospheres via polymerization-carbonization method because of its simple procedure, low 
cost and high yield. Polymeric resin NPs are obtained from condensation polymerization 
between phenolic precursors (phenol8, resorcinol9-14, phloroglucinol15, aminophenol16) and 
aldehyde (formaldehyde4, 8-14, 16, tetraphthalaldehyde15). Because of the structural similarities 
between RF (resorcinol formaldehyde) precursors and TEOS (tetraethyl orthosilicate), the 
sol-gel techniques applied in preparing inorganic Stöber silica spheres have been applied to 
organic phenolic polymeric spheres and inorganic carbonaceous spheres. So far, not only 
have solid colloidal carbon spheres been successfully achieved using sol-gel technique, but 
also mesoporous, hollow, core-shell, yolk-shell carbonaceous nanospheres have been 
successfully synthesized according to this concept. The extension of Stöber method paves a 
new route to produce carbon nanosphere in size, shape, compostion, morphology and porous 
structure in accurate control based on the development in sol-gel science. 
2.2.3 Other routes to synthesize carbon nanospheres 
Various other routes have also been used to prepare carbonaceous nanoparticles such as: 
chemical vapour deposition (CVD); ultrasonic spay pyrolysis; microwave irradiation; 
electrospraying; atom transfer radical polymerization (ATRP); UV irradiation etc. (Table 1).  
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Table 1. Overview of carbon nanospheres synthesized from diverse methods. 
Synthesis 
method Chemicals Porous structure 
Particle size 
(nm) Ref. 
CVD benzene, aniline, nitrobenzene mesoporous 200-1000 
17 
CVD acetylene microporous 650-1000 18 
Ultrasonic Spray 
Pyrolysis alkali propiolates 
hollow 
macro/microporous >1000 
19 
Ultrasonic Spray 
Pyrolysis sucrose macro/microporous >1000 
20 
Microwave 
radiation graphite microporous 500 
21 
Microwave 
radiation graphite microporous 60-140 
22 
Electrospraying resorcinol, formaldehyde microporous 30 
23 
Friedel-Craft 
alkylation 
benzene, 
hexachloroethane microporous 300 
24 
ATRP PS-PEO microporous 8 25 
Surface confined 
ATRP PMMA mesoporous 150-300 
26 
UV irradiation hexayne amphiphiles 
hollow 
macro/microporous 50 
27 
 
2.3 Morphology control of carbon nanoparticle 
2.3.1 Hollow carbon nanospherse (HCNs) 
Hollow structured carbon nanospheres have been deeply explored by intense research due to 
their scientific and technological interests. The scientific importance of these hollow spheres 
has been shown in their superior physical and chemical properties as catalyst, biomedicine 
and energy storage devices. For example, the interior void could act as a confined 
nanoreactor space, whereas the shell can provide controlled pathways for substance transfer. 
Moreover, the intrinsic low density of hollow structure nanoparticles also increases their 
active sites on the surface and high capacity mass loading. The technological development in 
producing HCNs has been achieved by manipulating the size, shape and composition of the 
HCNs, in particular the thickness, porosity and surface functionality of the shell. Since 
Caruso et al.28 demonstrated that hollow capsules could be prepared using a template method, 
interests has increased in this field. The template method can be generally classified as either 
hard template method or soft template method depending on the materials and methodology 
used.  
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2.3.1.1 The hard template method 
The hard template method is applicable to remove hard core template in order to generate a 
hollow void between the interior and carbon shell in fabricating HCNs. This is based on the 
compositional difference between the sacrificial hard template materials and carbonaceous 
shell(s) left. Silica has been considered a perfect hard template material for building HCNs 
due to its great stability, well controlled particle morphology, porosity and specific 
degradation to hydrofluoric acid (HF acid). Early work performed by Yoon et al. in 2002 
reported that HCN have been prepared by using solid core/mesoporous shell silica spheres as 
templates.29 Both phenolic resin and poly(divinylbenzene) (PDVB) have been used as carbon 
source. Their resulting HCNs showed a high specific surface area 1230 m2/g and high pore 
volume 1.27 cm3/g. Both the specific surface area and pore volume have been well adjusted 
up to changing the diameter of silica solid core or mesoporous shell thickness. 
Following this pioneering work, phenolic polymers have been used as precursors to prepare 
HCNs.30-34 For example, Yin’s group reported HCNs are well prepared based on the 
extension stöber sol-gel method.35 According to their research, cationic surfactant 
cetyltrimethylammonium bromide (CTAB) is considered a surface charge media to help the 
RF monomer deposit on the surface of silica-CTAB complex to form silica@RF core shell 
structure. Therefore, HCNs could be obtained after selective removal of the silica core under 
NaOH treatment. In their work, the kinetics of the RF layer growth has been well studied 
under different synthesis parameters such as reaction time and precursor concentration.  Later 
works also demonstrated that pluronic triblock PEO-PPO-PEO (polyethylene oxide-
polypropylene oxide-polyethylene oxide) polymer such as F12736 or P12337 added to the 
synthesis system can generate mesoscale porosity into the resulting HCNs. Therefore, the 
surface area and pore volume of the resulting HCNs have been significantly improved. 
Recently organosilicates, a type of carbon rich silicate framework, has also been used as a 
carbon source to prepare HCN. Fuertes’s group developed a H2O2 and H2SO4 dual oxidation 
method to prepare hollow carbon nanospheres from solid silica@mesoporous silica core-shell 
nanoparticles.38 The mesoporous silica shell was synthesized by condensation of TEOS and 
carbon rich silane octadecyltrimethoxysilane (CTMS). After the H2O2 and H2SO4 dual 
oxidation treatments, the alkane chains of the carbon rich silane interact more strongly, 
therefore robust carbon capsules were obtained via the pyrolysis and HF etching process. 
Interestingly, Chen et al. developed a facile method to synthesize red blood cell like carbon 
capsules by using carbon source derived from periodic mesoporous organosilicas (PMOs).39 
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Firstly, PMOs layer was uniformly coated on solid Stöber silica spheres. After pyrolysis in 
9000C, PMOs shell was converted to silica/carbon composite. Therefore, the resulting 
mesoporous hollow carbon nanocapsules were obtained by HF etching treatment. More 
importantly, heteratom doped carbon hollow spheres especially nitrogen doped carbon 
hollow sphere based on the silica template method have been developed by various nitrogen 
rich precursors such as aminophenol (Figure 2)40, dopamine,41, 42 aniline43 or ionic liquids44-47.  
 
Carbonization
HF Etching
APF resins core-shell sphere
N-doped carbon core-shell sphereHollow N-doped carbon sphere
Stöber coating method
Stirring
+
+
Water+
Ethanol
C50nm b
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Figure 2: a) Schematic illustration of hollow N doped carbon spheres prepared by extension 
Stöber coating method; b) TEM image of hollow N doped carbon spheres; c) SEM images 
(inserted HR SEM image) of hollow N doped carbon spheres. Reproduced from chapter 440 
Except silica, latex colloidal spheres such as polystyrene (PS) spheres are also widely used as 
removable core templates by organic solvent or decomposed at high temperatures to produce 
HCNs. White et al. used latex PS colloidal spheres as templates and glucose as a carbon 
source to obtain hollow carbon spheres via a one pot hydrothermal carbonization method.48 
The PS template can be easily removed in the later pyrolysis treatment at 5500C due to self-
decomposition. The void size, shell thickness and surface area of resulting HCNs have been 
well controlled according to PS particle size, ratio of carbon precursors to latex template, 
pyrolysis temperature etc. Interestingly, the abundant functional groups such as hydroxyl, 
carboxylic groups on the surface show flexible surface modification of HCNs via simple 
silane chemistry. Hence the resulting HCNs tend to be more hydrophilic after hydrophilic 
functional groups such as amine have been modified on the surface of carbon shell. Not only 
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sugars49, 50 but also phenolic polymers30, 51 and conductive polymers52 have also been used as 
carbon sources attached onto the surface of the latex spherical template for preparing HCNs. 
Interestingly, Lu et al30 found coating one more silica layer such as PS@PF@silica core-
shell-shell sandwich structure can dramatically increase the uniformity of particle size and 
monodispersity of HCNs. 
2.3.1.2 The soft template method 
Producing HCNs in the soft template method has also attracted wide interests due to its facile 
procedure, green system and rich chemistry. Various soft template techniques have been 
employed for the synthesis of HCNs, including micells,53 vesicles54, 55 and emulsions56. 
Vesicles generally formed from a surfactant(s) self-assembly into a supermolecular complex 
through hydrogen bonding between surfactant(s) and carbon precursor(s). Yang et al.54, 55 
have used vesicles as soft template to prepared HCNs via hydrothermal carbonization method. 
Firstly, amphiphilic copolymers F127 could form vesicles through self-assembling by 
hydrogen bonding and hydrophobic/hydrophobic interactions in aqueous solution. Secondly, 
the added α-cyclodextrin (α-CD) molecules as the carbon source are threaded onto the PEO 
(polyethylene oxide) chains condensing on the surface of vesicles. Thirdly, after 
hydrothermal carbonization and pyrolysis process, the resulting supermolecular complex has 
been converted to HCNs. In this study, the particle size and shell thickness of HCNs have 
been well controlled according to F127 concentration. The emulsion is a thermodynamically 
stable dispersion of two immiscible liquids in the presence of an emulsifier or surfactant. The 
basic idea of the emulsion template method is to deposit the shell materials exclusively 
around the interface between the emulsion droplets and the continuous phase. For example, 
oil-in-water (O/W) emulsions as soft templates to prepare HCNs has been reported by Lu’s 
group through a weak acid/base interaction induced assembly method56. The diameter of 
HCNs and the void sizes can be adjusted by changing the synthetic parameters such as 
hydrothermal temperature or O/W ratio. 
2.3.1.3 Template free method 
Both hard and soft template methods have proved to be very useful for preparing hollow 
structures. However, the removal of core templates may damage the carbon shell and the 
hollow interior materials. Furthermore, the multistep process is expensive and potentially 
raise environmental and energy concerns. Direct synthesis without the need of additional 
templates is still preferred in practical applications because of the significantly reduced 
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production cost and the ease of scaling up. For example, Li et al57 develop a procedure to 
prepare monodisperse HCNs with a regular round-ball-like shape. Firstly, monodisperse 
crosslinked PS beads were synthesized by soap-free emulsion method. Secondly, to improve 
the crosslinking degree of outer surface of PS beads, a Friedel-Crafts alkylation agent was 
introduced for post-crosslinking modification. Thirdly, the hollow void of HCNs was then 
generated after the pyrolysis process because of decomposition of low crosslinked PS core. 
The hollow void size can be simply adjusted by controlling the post-crosslinking time. 
Likewise, the crosslinking phenolic polymer has also been used as a carbon source for 
preparing HCNs via a template free method.58 The as-synthesized colloidal polymer solid 
sphere was prepared by crosslinking polymerization between 2, 4-dihydroxybenzoic acid and 
formaldehyde in the presence of lysine in an alcoholic solution. Then the hollow space of 
polymer sphere was generated in the process of the water washing step. Therefore, the HCNs 
were obtained after the as-synthesized hollow polymer nanospheres were carbonized in an 
inert atmosphere. 
 
2.3.2 Core-shell carbon nanospheres 
Core-shell structured nanoparticles with controllable sizes, shapes and compositions are 
attracting great interest due to the combined functionalities in both core(s) and shell(s). 
Carbon materials as shell(s) can show unique properties in high surface area, thermal stability, 
intrinsic hydrophobic nature and excellent electronic conductivity. Therefore, coating carbon 
as shell(s) on the surface of core materials to make hybrid core-shell structure could allow 
improved performance in various applications such as delivery carrier, energy storage and 
conversion and heterogeneous catalysts. Recently, carbon shell has been successfully coated 
on various core nanoparticles such as metal, metal oxide, inorganic and organic nanoparticles 
to core-shell structured nanoparticles. Among them, magnetic iron oxide nanoparticles have 
been widely studied as core materials to form iron oxide@ carbon nanoparticles with superior 
performance in targeting therapeutics delivery, biodiagnostics, lithium battery, supercapacitor 
or fuel cell fields. For example, Xu et al.59 firstly reported Fe3O4@carbon core-shell 
nanoparticles were successfully prepared in situ via a one pot hydrothermal carbonization 
method. Glucose was used not only as a carbon source to form the carbon shell but also to act 
as a reducing agent to reduce Fe3+ ion to Fe3O4 nanoparticles. The morphology of resulting 
Fe3O4@carbon core-shell nanoparticles is strongly depended on glucose concentrations. With 
the increase in concentration of glucose, the morphology transformed form a hexahedral to a 
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spherical then to octahedron-like nanoparticles. Recently, phenolic polymer has been 
systemically studied as carbon precursor to coat magnetic iron oxide nanoparticle to form 
core-shell structure. Iron oxide@carbon core-shell nanoparticles with different morphology 
such as spindle60, spherical61 and rod-like nanocomposites have also been reported via a 
hydrothermal process. By simply adjusting the precursor amount, the carbon shell thickness 
can be precisely controlled, which will lead to superior performance in microwave adsorption. 
Interestingly, the microwave method has been used as an alternative option to coating carbon 
on the surface of iron oxide cluster by using phenolic polymer as carbon precursors. The 
process of core-shell formation only requires a short time of irradiation, approximately 10 
minutes.61 The as-prepared microsphere shows uniform morphology with carbon shell evenly 
coating on the surface. The carbon shell thickness has been finely controlled in the range of 
10-200 nm by adjusting synthesis parameters such as feeding amount of phenol, dosages of 
formaldehyde, reaction temperatures and microwave heating time. Dopamine as a bioinspired 
adhesive coating compound has also been used as a carbon precursor to encapsulate iron 
oxide clusters to prepare iron oxide@carbon core-shell nanoparticles.62 More importantly, the 
porosity on the carbon shell has been well studied because the pore size and channel 
geometry have a strong impact on the mass and energy transfer. Very thin microporous 
organic networks with uniform 1.5 nm micorpores have been successfully formed on the 
surface of Fe3O4 nanoparticles by the sonogashira coupling of tetra(4-ethynylphenyl)-
methane and 1,4-dilodobenzene.63 In mesoscale, magnetic nanoparticles with uniform FDU-
15 mesoporous carbon shell core-shell structured nanoparticles have been successfully 
synthesized via a solvent evaporation-induced self-assembly method64. The mesoporous 
carbon shell showed 2-D hexagonal porous structure with 13.8 nm pore diameter. Recently, 
iron oxide@carbon core-shell nanoparticles with macroporous structure on carbon shell have 
also been reported through a spay pyrolysis process using PS beads as macroscale pore 
template65. In the lithium battery test, the macroporous carbon shell showed superior 
performance than microporous carbon structure because of the advantages of large pore for 
electrical conductivity, easy electrolyte penetration and structural stability. 
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Figure 3 a) Schematic illustration of core-shell Ag@carbon spheres prepared by extension 
Stöber coating method; b) TEM image of Ag/AgBr@RF spheres; c) TEM image of 
Ag@carbon spheres; d) XRD spectra of Ag@Carbon and Ag/AgBr@RF core-shell 
nanospheres respectively; e) N2 sorption isotherm of Ag@Carbon core-shell nanospheres. 
Reproduced from Chapter 366 
Except iron oxide NPs, various metal or metal oxide species have been successfully 
encapsulated into carbon shell to form core-shell structured nanoparticles. For example, we 
have developed an general extension Stöber method to coat carbon shell on metal or metal 
oxide nanoparticles surface to obtain core-shell structured NPs (Figure 3).66 In this study, the 
reduction of AgNO3 and polymerization of RF resins in the presence of ammonia (as a 
catalyst) were taken place simultaneously to form Ag, AgBr@RF core-shell spheres, in the 
aid of cationic surfactant CTAB and triblock polymer F127 as a costabilizer. Subsequent 
annealing of the Ag, AgBr@RF core-shell particles resulted in unique core-shell structured 
microporous Ag@carbon spheres. Based on this concept, various metal or metal oxide 
nanoparticles such as Ag NPs67, Au NPs68, Ag-Au core-shell NPs69 and TiO270 NPs have 
been successfully confined inside the carbon shell to form Metal@carbon core-shell structure 
NPs. Hydrothermal carbonization is another option to form Metal@carbon core-shell NPs via 
either in-situ encapsulation or post synthesis coating. Currently, Sb6O1371, Sn, SnO2, MnO272 
NPs have been reported via this method.  
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2.3.3 Yolk-shell carbon nanosphere (YSCNs) 
Among various different structure types in nanoparticles, the yolk/shell nanoparticles (YSNs) 
or so-called ‘nano-rattles’ represent a featured structure with a distinctive core@void@shell 
configuration, generally indicated as A@B. Its unique structure provides possibilities to 
realize one nanosized particle with many advantages such as combined different functional 
materials as core(s) and shell(s); isolated reaction space in the void; the controllable mass and 
energy transfer through the shell.  
Silica coating
APF coating
Silica coating
Carbonization
HF Etching
Carbonization
HF Etching
RF sphere RF@SiO2 YSCN
RF@APF RF@APF@SiO2 N-YSCN
b c
a
d e  
Figure 4 a) schematic illustration of yolk shell carbon nanoparticles (YSCNs) by outer silica 
assisted method; b-c) TEM images of YSCN (b) and its mesoporous core (c), respoectively; d) 
TEM image of N doped yolk shell carbon nanoparticles (N-YSCNs); SEM image of N-
YSCNs. Reproduced from Chapter 673. 
Since the first reported YSNs via the hard template method, the approaches to synthesize 
YSNs have been widely developed. In general, synthesis approaches can be classified into 6 
major categories: (1) the hard template method, (2) the soft template method, (3) ship in 
bottle method, (4) Ostwald ripening method, (5) galvanic replacement method, and (6) 
Kirkendall effect method.68, 74-76 77-79 The knowledge in different methods has been 
introduced in recently. Herein, the intention is to discuss recently reported progress related to 
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the preparation of yolk shell carbon nanoparticles (YSCNs) in the hard template method and 
also other methods. The advantages and disadvantages of these typical methods will also be 
discussed. 
4.3.3.1 The silica etching template (the hard template)  
Since YSN was firstly demonstrated as Au@Polymer via conventional hard template method 
by Xia and co-workers in 200380, many yolk shell carbon nanospheres have been prepared 
based on this classic concept. This concept is basically consisted of synthesis of core seed, 
core@silica core-shell structure formation, core@silica@carbon core-shell-shell structure 
preparation and core@carbon yolk-shell process. In the first step, various functional metal or 
metal oxide nanoparticles such as Au, Ag, Fe3O4 NPs have been prepared via ligand or 
surfactant stabilizer.81-83 Then silica shell with different porous structure could be uniformly 
coated onto the core nanoparticle surface to form core@silica core-shell nanoparticles. 
Thirdly, the carbon materials are able to coat the surface above the core-shell NPs to form 
core-shell-shell NPs by various methods such as polymerization-carbonization and 
hydrothermal carbonization depending to the property of carbon precursors. Finally, the yolk-
shell structure NPs can be obtained via the silica sacrificial shell etching process. In addition, 
heteroatom doped carbon shell such as nitrogen doped carbon shell based YSCNs have been 
obtained via adhesive dopamine condensing self-polymerization.84 This conventional method 
is normally used to encapsulate one core in a single YSCN. Researchers have also developed 
modified silica etching method to prepare multicore YSCNs via the formation of 
silica@metal core-shell structure NPs instead of metal@silica core-shell structure NPs. 
Interestingly, in order to better prevent cores aggregation confined in YSCNs, double shell 
structured YSCNs have been prepared via a double sacrificial silica layer template.85 Very 
recently, carbon@carbon YSCNs have attracted a lot of interest because of its hierarchical 
porous structure (Figure 4).86 We have successfully achieve this via the silica-assisted 
method.73 The resulted hierarchical carbon@carbon YSCNs have an ordered mesoporous 
carbon yolk and a microporous carbon shell in a controlled sequence. In addition, the pore 
size on the shell can be adjusted from a microporous scale (0.6 nm) to large mesopores 
(~40nm) and the hollow space can be varied precisely. Moreover, the porous shell with 
graphitic carbon or heteroatom nitrogen doped carbon has also been designed.  
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4.3.3.2 The other methods 
Except the hard template method, various other methods including the soft template 
method87,88, the ship in bottle method89, the kirkendall effect method90 have been reported to 
produce multifunctional YSCNs. Lu’s group recently developed a soft template method to 
produce Fe3O4@Carbon yolk shell structured NPs by using oleic acid as a soft template and 
dihydroxybenzoic acid (DA) and hexamethylene tetramine (HMT) as precursors.87 Because 
of the amine functionality on the carbon precursor, the resulting polymer shell before 
carbonization is able to coordinate with Pt ions, the Pt ions can be in-situ thermal reduced to 
Pt nanoparticles and loaded onto the carbon shell of  Fe3O4@Carbon yolk shell structured 
NPs in the carbonization process. Pioneering work in Schüth’s group reported that bimetallic 
nanoparticles can be encapsulated inside the carbon shell to form a Bimetal@C yolk shell 
structured NPs.88 In their study, triblock polymer P123 and sodium oleate (SO) have been 
selected as Pt NPs stabilizers and reductants. Thereafter, the carbon precursors condensed on 
the surface of the soft template emulsion droplet to form hollow polymer shell. Co2+ ions 
were then introduced to hollow polymer sphere via ship in bottle method and thermally 
reduce to bimetallic metal cores in a relative low carbonization temperature (5000C).  
Moreover, the ship in bottle method is another option to introduce functional core(s) to 
hollow carbon nanospheres to form YSCNs. Dai et al introduced photoluminescent polymer 
dots assembled from polymerization reactions between small molecule precursors, such as 
ethylenediamine (EDA) and carbon tetrachloride (CTC), inside the hollow carbon sphere.89 
Besides, SnO2@carbon YSCNs prepared from the kirkendall effect method Wu et al. have 
also reported. Sn spheres as sacrificing templates transformed in a time-dependant structural 
evolution and the decomposed Sn part leave the space inside the hollow sphere to obtain 
SnO2@carbon YSCNs.90  
2.4 Porosity control of carbon nanospheres 
Porous structure can be classified as micropores (<2 nm), mesopores (2 nm-50 nm) and 
macropores (>50 nm) due to their pore diameters. Hence, in this part, the development of 
carbon nanospheres with microporous, mesoporous and macroporous are introduced 
respectively. 
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2.4.1 Microporous carbon nanospheres 
cb
a
 
Figure 5 a) scheme of extension Stöber method to produce microporous carbon nanospheres; 
b) SEM image of microporous carbon nanospheres prepared by extension Stöber method; c) 
DLS data of microporous carbon nanospheres prepared by extension Stöber method. 13 
The synthesis of microporous carbon nanospheres with well controlled particle size, 
dispersity and functionality has attracted wide interests among various fields such as 
biodiagnostics, biosensors, heterogeneous catalysts and complex material templates. A great 
deal of research has been conducted to improve the physical and chemical properties of 
microporous carbon nanospheres. However, the correlation among small particle size, 
monodispersity and well defined surface functionality still requires further investigation for 
featured design. Researchers have put vast efforts to optimize synthesis routes by various 
methods.    
Tremendous efforts have been done to synthesize  microporous carbon nanospheres from 
different precursors designed at the molecular level, such as polymeric resin obtained from 
condensation polymerization between phenolic precursors (phenol8, resorcinol9-14, 
phloroglucinol15, aminophenol16) and aldehyde (formaldehyde8-14, 16, tetraphthalaldehyde15); 
biomass derivatives (cellulose5, glucose1, fructose2, 3, 91, sucrose92-94, cyclodextrin7, 54); 
monomers of polymer (styrene95, 96, divinylbenzene97, dopamine98, pyrrole92, 99-101, aniline17, 43, 
102-104 , furfuryl alcohol105-107); carbonhydrates and pitches108. Various synthesizing methods 
have been used like polymerization-carbonization method, hydrothermal method and 
chemical vapour deposition (CVD).    
 Currently, polymeric resins are the most using chemicals to prepare microporous carbon 
nanospheres via the polymerization-carbonization method because of its simple procedure, 
low cost and high yield. Resorcinol and formaldehyde has been used as precursors to 
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synthesize resorcinol formaldehyde (RF) polymeric resin spheres in the presence of lysine 
aqueous solution as a catalyst, the resulting polymeric resin can then be converted to a carbon 
sphere via carbonization. The particle sizes are precisely controlled through tailoring 
precursor and catalyst concentrations. In order to improve the monodispersity of RF resin 
spheres and their carbon spheres, Liu et al. has developed a method to produce monodispered 
RF resin and carbon sphere via the extension Stöber method according to the molecular 
similarity between RF and silica precursor (Figure 5).13 The polymerization of resorcinol and 
formaldehyde was initiated by an ammonia catalyst inside the emulsion droplets. After the 
sol-gel process, the highly cross-linked polymeric rein spheres were obtained under 
hydrothermal treatment. The size of RF resin spheres was well controlled from 150-900 nm 
by adjusting synthesis parameters such as ammonium concentration, precursor amount, 
alcohol alkyl chain length and pluronic triblock polymer F127 concentration. Their 
carbonaceous analogues with narrow size distribution showed 19% size shrinkage during the 
carbonization process. Except ammonium hydroxide as catalysts, hexamethylenetetramine 
(HMTA) has also been used as a catalyst to prepare phenol formaldehyde (PF) resin spheres 8, 
109.  In another study, it is also indicated uniform RF resin spheres and their carbon analogues 
range from 220-1140 nm could be obtained without hydrothermal treatment and agitation 
operation.110 In nanotechnology, particle size plays a big role in biomedicine, energy storage 
and energy conversion, therefore researchers have paid tremendous efforts to prepare carbon 
nanospheres with small particle size. Seeded strategy has been used to synthesize 
microporous carbon nanospheres with  particle size in 30-90 nm by using phloroglucinol and 
terephthalaldehyde as phloroglucinol terephthalaldehyde (PT) polymeric seed precursors.15 
The carbon particle size has been controlled precisely in a RF coating time dependent manner, 
specifically the particle size decreases during the RF coating process. 
Heteroatoms doped carbon microporous nanospheres have attracted wide interests in material 
science. Even a small amount of doping heteroatoms (nitrogen, boron, sulphur and 
phosphorus etc) within the carbon framework can significantly improve the conductivity, 
interactions with small molecules, basicity, oxidation stability and catalytic activity. Several 
researchers have reported to prepare N doped microporous carbon nanospheres from 
carbonization of N rich polymeric resin spheres. Melamine formaldehyde (MF) polymeric 
resin nanospheres were synthesized by using formic acid as a catalyst via a sol-gel 
technique.111-114 In a typical synthesis, the particle size of resulting in 1.6 µm MF polymer 
resin sphere shrank to 400nm N doped microporous carbon nanosphere during the 
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carbonization process because of MF decomposition.111 Lu and co-workers smartly utilize 
benzoxazine chemistry to precisely control the particle size of monodisperse N doped carbon 
microporous sphere less than 200 nm in an initial reaction temperature-programmed 
manner.115 The resulting N doped carbon microporous nanosphere showed excellent 
monodispersity with less than 5% polydispsersity. Recently, researchers use 3-aminophenol 
and formaldehyde as precursors to prepare aminophenol formaldehyde (APF) polymeric resin 
nanosphere and N doped carbon analogues via the extention Stöber method.16 The resulting 
APF resin nanosphere showed excellent monodispersity less than 0.02 and their particle size 
was well controlled ranging from 80 nm to 2500 nm by adjusting synthesis parameters. In a 
later work, nitrogen rich molecule urea was used with 3-aminophenol together as N 
containing precursors to crosslink with formaldehyde to form high nitrogen content 
polymeric resin colloidal sphere via a co-condensation polymerization method.116 Therefore, 
the monodispersed microporous carbon analogues in the diameter of 300 nm and 850 nm 
showed high nitrogen content of 8.95 wt%. It is worth noting that the extension Stöber 
method has also been applied to synthesize N doped carbon microporous nanosphere by 
using dopamine as a precursor.98 The diameters of resulting polydopamine colloidal 
nanospheres are well tailored from 120-780 nm by simply adjusting concentrations of the 
ammonia catalyst and dopamine precursor. The resulting N doped carbon spheres show 
monodispersity with slightly decreased size. As the calcination temperature increased to more 
than 800°C, the resulting microporous N doped carbon nanosphere showed a sp2 structured 
carbon dominantion in the atomic structure. 
Besides phenolic resin as carbon sources for producing N doped carbon microporous 
nanosphere, this sol-gel condensation polymerization method can also extend to conductive 
polymers especially polyaniline (PANI)43, 102-104 or polypyrrole (PPy)92, 99-101. For example, 
Lei et al. has reported near monodisperse PANI solid nanoparitcles with controlled particle 
size (55-90 nm) were prepared in the presence of polyvinylpyrrolidone (PVP) stabilizer.103 It 
is worth noting that the PANI particle size was simply adjusted with different PVP 
concentrations. Microporous N doped carbon nanospheres were obtained after pyrolysis 
treatment in a low temperature (400 °C) via a silica coating method. Similarly, PPy colloidal 
nanospheres have also been synthesized in the presence of dual surfactants 
(dodecyltrimethylammonium bromide) DTAB and 1-decanol and catalyzed by the 
ultrasonication polymerization method.92 The resulting N doped carbon nanospheres obtained 
had a diameter of less than 100 nm. 
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Hydrothermal carbonization (HTC) technique has also been widely used for synthesizing 
microporous carbon nanospheres. Since Wang et al. firstly reported that monodispersed 
microporous carbon spheres could be obtained from sugar as a precursor via a hydrothermal 
carbonization method in 2001.4 Various carbohydrate sources have been explored such as 
monosaccharide (glucose57, 67, fructose2, 3, 91, xylose3) and polysaccharides (sucrose92-94, 
cellulose5, starch6 and cyclodextrins7, 54). Basically there are 6 steps in the formation process 
from monosaccharide to microporous carbon spheres obtained in HTC method: hydrolysis, 
dehydration, condensation-polymerization, aromatization, nucleation and growth. The only 
difference between polysaccharides and monosaccharide in this process is quite close except 
that polysaccharides have to hydrolyse to monosaccharide in the first step.  However, Zhang 
et al.2 reported that the driving force in step five is caused by hydrophobic precipitation rather 
than nucleation regarding intermolecular dehydration in the condensation-polymerization step. 
Therefore, the final carbonaceous nanoparticles show a core-shell structure composed of a 
hydrophobic core and stabilizing hydrophilic shell containing. In general, particle size, 
polydispersibility, hydrophilicity and graphitic intensity can be well controlled by synthesis 
parameters, including concentration of biomass, reaction time and hydrothermal temperature. 
However, one critical issue in the hydrothermal carbonization method is the low conversion, 
resulting in low yield of product. To solve this problem, Ryu et al. developed a hybird 
method to combine biomass with phenolic resin as co-monomers in a one pot hydrothermal 
carbonization reaction to improve the yield of microporous carbonaceous microsphere 
significantly.3 
2.4.2 Mesoporous carbon nanospheres 
b c
a
 
Figure 6 a) scheme illustration of mesoporous carbon nanospheres prepared in soft template 
method; c) SEM images (HR SEM image insert) of mesoporous carbon nanospheres; c) TEM 
image of mesoporous carbon nanospheres. Reproduced from reference 117 
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2.4.2.1 The hard template method 
The hard template method is a conventional method to prepare mesoporous carbon 
nanospheres derived from carbon-silicate composite via selectively silica etching process.  
According to carbon-silica composite formation mechanism, the hard template method is 
consisted of the nanocasting method and the polymerization-induced colloidal aggregation 
(PICA) method. The nanocasting method basically infiltrates the carbon source into the 
mesoporous silica nanoparticle template to obtain silica-carbon hybrid nanoparticles.118-121 
But in the PICA method, the carbon-silicate composites obtained based on polymerization-
aggregation process while the silica materials only act as porogen rather than template,122 
hence mesoporous carbon nanospheres can be produced by both methods after carbonization 
and template removal process. In the nanocasting method, according to the rich chemistry in 
sol-gel technique, mesoporous silica templates with different particle size, pore size, pore 
geometry and functionalities have been well developed. These unique features have been 
replicated from silica parent templates to mesoporous carbon nanospheres. So far, 
mesoporous carbon nanospheres with particle size from 100 nm to 1 μm and pore size from 1 
nm to 3.8 nm with various ordered geometric structures such as hexagonal, tetragonal and 
cubic have been report through modified techniques in developing silica template and carbon 
source deposition.106, 113, 120, 123-127 However, because the carbon materials were replicated 
from silica parent template, the porous structure of carbon materials was majorly determined 
by silica parent template wall structure rather than its porous structure. Polymerization 
induced colloidal aggregation method is another option to fabricate mesoporous carbon 
nanospheres. The hard silicate nanospheres would be used as pore directing agent directly 
rather than particle template. By this method, Zhao’s group13 and Moon’s group128 have 
reported mesoporous carbon nanospheres with well controlled particle size ranging from 1 
μm to 50 μm. The uniform pore size agrees well with the silica colloidal particle template 
size. Therefore, using different size of silica colloidal particle, the pore size of carbon 
nanospheres would be easily controlled from mesoporous to macroporous. However, one 
major limitation in this method is the difficulty to get carbon nanospheres at nanoscale. In 
order to overcome this, researchers develop emulsion method to form carbon-silicate 
composite in situ.129 With the aid of different surfactants such as CTAB or F127, the 
morphology of the resulting carbon-silicate composites show rods or spheres in nanoscale 
with miceller, vesicular or lamellar structure using different synthesis conditions. 
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2.4.2.2 The soft template method 
The soft template method, depending on surfactants interaction and self-assembly, is a much 
efficient alternative for synthesizing mesoporous carbon nanospheres in one-pot and high 
yield. In contrast, the hard template method has major limitations in its extensive use and 
scale up because of its complicated, time consuming synthesis procedure and harsh synthetic 
condition. In 2010, Zhao and co-workers130 developed a low concentration hydrothermal 
method to prepare mesoporous carbon nanospheres in an ordered body-centered (fcc) Im3m 
structure with controlled uniform particle size (20-160 nm) with the aid of triblock polymer 
F127 as the soft template. This work initiates the controlling synthesis of MCNs at nanoscale 
by the soft template method. In a later work, not only spherical mesoporus carbon 
nanoparitcles, but also worm-like and rod-like mesoporous carbon nanoparticles have been 
prepared by simply adjusting soft template F127 concentration.131 In addition, our group has 
also reported a soft template procedure to fabricate mesoporous carbon nanospheres via a 
dual surfactants method (Figure 6).117  Derived from extension Stöber method, the impetus of 
this work applied the synthesis techniques for mesoporous silica nanoparticles in IBN series 
in preparing mesoporous carbon nanospheres. The cationic fluorocarbon surfactant FC4 and 
triblock polymer F127 were used as dual templates, TMB (1, 3, 5-trimethylbenzene) and 
ethanol as co-solvents, and resorcinol and formaldehyde as carbon precursors. As-synthesized 
mesoporous RF resin polymer are formed via the assembly of RF together within the 
emulsion droplet through hydrogen bonding. The resulting mesoporous carbon nanospheres 
are obtained by calcination at 8000C under inert gas protection.    
2.4.3 Macroporous carbon nanospheres  
 Macropores (>50 nm) have attracted interest due to their ability to permit efficient mass 
transfer and diffusion properties in applications such as supercapacitors, fuel cell electrodes, 
lithium battery, nanoreactors and biomacromolecule delivery. Currently, fine controlling 
carbon macropores still need the assistance of sacrificial templates such as silica or 
polystyrene colloidal nanospheres in the nanocasting method. Kim et al. reported that inverse 
opal macroporous carbon microspheres could be synthesized via a two-step sacrificial 
colloidal crystal template method or a one-step sacrificial colloidal droplet method.128 By 
using colloidal crystal template method, the resulting microspheres in the diameter of 10-55 
µm have uniform macropores in 230nm; on the other hand, the size of the microspheres can 
be decreased to 3 µm via colloidal droplet method as only the core of the colloidal crystal 
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could be template for inverse opal carbon microspheres. However, there is a limitation to 
decrease the particle size less than 1 µm in this method. Chen et al. developed macropores 
containing hierarchical porous graphite carbon nanospheres in 50-300 nm via an aerosol 
process,132 but the particle size is quite difficult to keep uniform in this method.  
2.4 Controlled functionalization of carbon nanospheres 
2.4.1 Heteroatom doping control 
 
Figure 7. a) SEM images (inset is HRSEM image); b) TEM   (schematic representation of the 
N-doped carbon spheres is shown inset, the blue dots represent the N doping); c) STEM and 
corresponding EELS mapping analysis; d) XPS high-resolution N spectrum; and e) nitrogen 
adsorption-desorption isotherms of the resulted N-doped mesoporous carbon nanospheres. 
Reproduced from chapter 440 
To arouse the chemical or physical properties of carbon nanospheres in their practical 
applications, it is critical to dope the heteroatoms (nitrogen, boron, sulphur and phosphorus 
etc.) in the carbon framework.133-136 Currently, two main approaches are widely used to dope 
heteroatoms into the nanoporous carbons framworks. One is post-treatment of carbon 
nanospheres with reactive heteroatom sources via thermal deposition or chemical reaction.137, 
138 The other dominant approach is using heteroatom containing carbon precursors as carbon 
source to form hetoroatom doped carbon nanospheres in situ. 139, 140 
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In the post-treatment method, gaseous reagents such as ammonia gas and CH3CN have been 
widely used in doping nitrogen into carbon sphere via thermal deposition CVD method. 137, 
138 Besides, high nitrogen containing compounds such as melamine140 and urea, thiourea has 
also been used in co-carbonization with polymeric carbon precursors to produce nitrogen 
doped carbon NPs. However, in the post-treatment method, one major issue is the noneven 
heteroatom distribution in its carbonaceous framework because of limitation in surface 
modification. Hence, scientists spent tremendous efforts to develop methods to prepare 
heteroatom doped carbon nanospheres in situ. So far, there is a promising progress in 
preparing heteroatom doped carbon nanospheres by polymeric carbon precursors via 
condensation polymerization method. Both phenolic polymer precursor and conductive 
polymer precursor have been systematically studied. In phenolic polymeric carbon precursors, 
nitrogen containing compounds such as melamine113, 122, 141, 142, aminophenol,16, 116 
hexamethylenetetramine109 and 1,6-diaminohexane115 have been introduced to prepare N 
containing phenolic polymer for carbon precursors. Conductive polymers can also be 
precursors to make N doped carbon nanospheres. Triggered by oxidizers in the 
polymerization process, aniline and pyrrole monomers have been used to synthesize 
polyaniline 43, 52, 102-104and polypyrrole nanospheres52, 92, 99-101 as N doped carbon precursors. 
More interestingly, adhesive molecule dopamine as a containing compound can also be acted 
as a N doped carbon precursor due to its ability to self-polymerization to polydopamine under 
Tris buffer solution.98 Currently, not only have colloidal N doped carbon NPs been reported, 
N doped carbon nanospheres with various morphology such as hollow, mesoporous, core-
shell and yolk-shell carbonaceous spheres have also been achieved.143-146 It is worth to note 
that the N content in carbonaceous framework has been well controlled by adjusting 
precursors, pyrolysis temperatures and reaction efficiency. Currently, heteroatom doped 
mesoporous carbon spheres via soft template are still rarely reported. We recently have 
successfully prepared N doped mesoporous carbon nanospheres via a dual surfactants method 
(Figure 7). In the future, atomic level regulation of heteroatom doping carbon NPs would be 
highly desirable for understanding structure and improving their chemical and physical 
properties. 
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2.4.2 Graphitization control 
 
Figure 8. a) TEM image, b) HRTEM image, c) XRD, and d) nitrogen adsorption desorption 
isotherms of graphitic N-doped mesoporous carbon nanospheres by using nickel acetate as a 
catalyst. Reproduced from chapter 440 
 It is well known that the conductivity of carbon materials is proportional to the degree of its 
graphitization. Hence, there are lots of interests in improving the degree of graphitization. 
Generally, the synthetic methods to produce graphitic carbon are divided to four groups: (1) 
inverse replication technique, (2) catalytic graphitization, (3) chemical vapour deposition and 
(4) bridging method. Herein, we mainly discuss the catalytic graphitization method because it 
is the most common method used to improve the graphitization degree in carbon NPs. In this 
method, the degree of carbon graphitization is major determined by 3 factors: (1) pyrolysis 
temperature; (2) metal catalyst interaction; and (3) carbon source. Lu and co-worker reported 
loading metallic salt catalysts (Fe, Ni, Co) as polymeric carbon precursors can improve its 
graphitization degree after carbonization at a relative low temperature (8500C-9000C) as 
determined from XRD spectrum.56 We also applied this method using polymeric precursors 
as N doped carbon NPs. We found the Ni salt catalyst can improve its graphitization degree 
better than the Fe salt catalyst because Ni2+ ions are more capable to assemble during the 
carbonization process (Figure 8). The graphitic shell thickness of carbon around metallic 
nanoparticles is around 2-2.5 nm, which is consistent with average thickness of 5-7 graphite 
layers. In our study, we found the pyrolysis lower than 9000C would significantly decrease 
the metal catalysed graphitization degree. Researchers have also noted that careful selection 
of carbon precursors that are easily graphitized at appropriate temperature could also improve 
the graphitization degree of carbon NPs. For example, a carbon material obtained from pitch 
as a carbon source was much easier to be graphitized than that obtained from furfuryl alcohol, 
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as determined from XRD spectrum.143 Hence, in order to improve the graphitization degree, 
we should consider reasonable pyrolysis temperature, metal catalyst and carbon source in a 
rational design.  
2.4.3 Metal nanoparticles decoration 
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Figure 9 a) Scheme illustration of metal decorated N doped carbon (M@NC) nanospheres. 
b,c) SEM and TEM images of Au@NC; d,e) SEM and TEM I mages of Pt@NC; f, g) SEM 
and TEM images of Rh@NC; h, i) SEM and TEM images of Ru@NC. 
The key aspect to deposit metal nanoparticles on the carbon substrate is to keep them 
monodisperse with narrow size distribution in order to maintain high surface-to-volume ratio. 
However, due to the inert activity of carbon, surface modification is almost unavoidable and 
is difficult to get functionality regarding its chemical inertness. Hence, many attempts have 
been done to load noble metal nanoparticles on carbonaceous nanospheres. The interaction 
between metal NPs and carbon substrate can be improved in the aid of a surfactant. The 
wettability of carbon NPs can be significantly improved when the surfactant such as CTAB 
or PVP was added in to the metal-carbon system. For example, PVP stabilized Pt 
nanoparticle could be attached on the surface of carbon nanosphere in virtue of π-π stacking 
between PVP and carbon sphere.147 The microwave heating technique has been used to 
selectively decorate metal nanoparticles on the surface or interior of carbon nanospheres. The 
metal nanoparticles can be immobilized on the surface or penetrated into the interior of 
carbon NP surface according the ionic charge in the metal salt solution. This technique could 
be applicable to various metal species including Au, Pt, Pd, Ag etc. Even bimetallic 
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nanoparticles could be selectively localized on the surface and interior of carbon NPs 
selectively via one pot in-situ immobolization. Liu et al. used the microwave assisted method 
to load Pt nanoparticles on the surface of carbon nanospheres which are pyrolyzed from 
resorcinol formaldehyde resin polymer nanospheres.13 The resulting C@Pt nanospheres show 
good electrocatalytic performance in ORR (oxygen reduction reaction). Li et al report the 
carbon nanospheres prepared from hydrothermal carbonization method can immobilize Ag 
nanoparticle via an in-situ reduction of Ag+ to Ag0 in the assistance of reflux in the aqueous 
solution.148 Though the moderate synthesis condition, the resulting Ag nanoparticles are 
relative small at approximate 15 nm. Moreover, Jaroniec group recently reported gold 
nanoparticles can be functionalized onto the surface of carbon nanospheres via extension 
Stöber method149 and various metal nanopartcies such as Au, Ag, Ru, Fe, Mn, Gd could be 
decorated on carbon sphere while adding cysteine into the carbon precursors150. Leaching of 
metal nanoparticles from the carbon support is a major issue in maintaining catalytic 
reusability. Improvements in the graphitization degree of carbon substrates could be an 
effective way to manage this issue. Yuan et al discovered that a one pot method by using 
ethanol as the carbon source and Mg as a reducing agent to obtain highly graphitized carbon 
nanoparticle for Pt nanoparticles loading.151 Another option to improve metal decorating 
carbon stability is to coat another polymer layer on metal surface. Kong et al. and Chen et al. 
decorated conductive polymer polyaniline (PANI) layer on the surface of carbon@Pt152 and 
carbon@Pd102 to form core-shell particles respectively, the resulting core-shell 
nanocomposite showed improved stability and activity in ORR and H2O2 electrochemical 
sensing respectively. In addition, coating thermal responsive polymer poly(N-
isopropylacrylamide) (PNIPAM) on carbon@Pt catalyst can provide a switchable behaviour 
between hydrophilic to hydrophobic by simply adjusting the temperature of the synthetic 
system153. Not only have single metal species nanocrystals, but bimetallic species 
nanocrystals have also been successfully decorated on carbon nanosphere, the carbon 
supported bimetallic nanocrystals showed enhanced activity and stability as ORR 
electrocatalysts.154, 155 The impetus to improve metal nanocrystals stability on the carbon 
substrate has driven researchers to confine metal nanoparticles into the porous channel of 
ordered mesoporous carbon nanocapsules.156 For example, Schüth and co-workers applied 
pore confined method to obtain metal nanoparticle via a combined ultrasound assisted 
incipient wetness impregnation and thermal reduction method.157 Currently, this method has 
been applied to confine single Pt nanoparticles and it alloy nanoparticles such as PtNi, PtCo 
in porous channel of carbon nanocapsules or N-doped carbon nanocapsules.88, 158, 159 
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However, developing a general and facile method to immobilize metal nanoparticles well 
distributed on mesoporous carbon nanoparticle in “green chemistry”, so far, is still rarely 
repoted. Recently, we have developed a general method to decorate noble metal nanoparticles 
including Au, Pt, Rh, Ru, Ag, Pd, Ir or their bimetallic analogues onto mesoporous N doped 
carbon nanosphere via a simple impregnation and reduction method (F igure 9). The metal 
nanoparticles and their bimetallic analogues can also be confined in hollow mesoporous N 
doped carbon nanospheres via a silica assisted method. The carbon encapsulated metal 
nanoparticles showed enhanced stability and activity in catalytic hydrogenation reaction. 
2.5 Applications 
2.5.1 Nanoreactors  
Nanoreactors are nanoscale reaction vessels containing one more multiple catalytic active 
sites. Metal/support hybrid materials have a vast development as nanoreactors in the 
performance of heterogeneous catalyst activity. Zero dimentional (0-D) carbon nanospheres 
have gained considerable attention as nanoreactor platform due to their high surface area, 
thermal stability under inert atmosphere, fast mass transfer and minimum viscous effect. The 
key aspect to employ metal nanoparticles on carbon substrate is to keep them monodisperse 
with narrow size distribution in order to maintain high surface-to-volume ratio. In this regard, 
various methods to load well distributed metal nanoparticle on the porous surface of carbon 
nanospheres have been developed. 
Monodisperse Pd nanocrystals were immobolized on microporous carbon nanospheres via in 
situ adsorption and reduction. The resulting Pd nanocrystals in different particle size were 
obtained by using different Pd salts as precursors. It is interesting to note that the size and 
shape of the supported metal nanoparticles are vital to determine their catalytic activity, the 
Pd NPs with an average size of 5.4 nm have the best hydrogenation reaction activity and 
selectivity.160 In addition, researchers confined Pd NPs in a double-shell hollow carbon 
spheres to effectively prevent Pd NPs aggregation and leaching. The resulting nanocomposite 
showed a superior performance to reduce 4-nitrophenol to 4-aminophenol within 30 seconds.  
Hollow carbon capsules have also been used as a platform to confine bimetallic active cores. 
Schüth and co-workers develop a combined soft template and ship-in-bottom method to 
prepare yolk-shell structured PtCo@HNC multicore nanocomposite. PtCo catalysts converts 
5-hydroxymethylfurfural (HMF) to 2,5-dimethylfuran (DMF) in 100% with 98% selectivity 
in 10 minutes.88 
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2.5.2 Energy storage and conversion 
Electrochemical energy storage and conversion devices such as batteries, supercapacitors and 
fuel cells are vital to energy system in the future. Carbon materials with diverse functionality 
and morphology control have been proven to be a promising candidate to be applied in these 
fields.     
Heteroatom-doped carbon nanospheres, especially N-doped carbon nanospheres, with 
controlled particle size can exhibit unique properties to act as an electrode for the ORR. This 
could be attributed to their enhanced interaction and dissociation to oxygen within the pores 
and on the surface, improved wettability to electrolyte solution and the charge and spin 
density on the carbon. Colloidal solid N doped carbon nanospheres prepared from 
polydopamine NPs showed an excellent ORR performance with -0.1V onset potential and -
0.22V cathodic ORR peak as Sp2 carbon dominant frameworks.98 Very recently, we have also 
developed a facile method to prepare mesoporous N doped carbon nanosphere (MNCNs) and 
hollow mesoporous N doped carbon nanosphere (HMNCNs) with advanced ORR 
performance due to their unique mesoporous and heteroatom nitrogen doping nanostructure. 
In our study, electro-active nitrogen atoms are homogeneously distributed on the 
carbonaceous framework by using aminophenol and formaldehyde as as-synthesized polymer 
precursors and their mesoporous structure are well controlled via a dual surfactant template 
method. Interestingly, the onset potential is higher after 15 hours measurements, which shows 
that the catalyst is more than stable but also activated by the long time ORR. Researchers 
have engineered the pore size precisely via soft template in order to investigate the pore size 
effect on ORR performance.161 According to their research works, mesoporous large pores 
(up to 16 nm) with high N-doping content showed effective accelerations for their ORR 
performance. Except metal-free carbon nanospheres ORR catalysts, decorated carbon 
nanospheres with nonnoble metal nanoparticles (Fe, Co)162-164 or noble metal nanoparticles 
(Pt or its alloy derivations such as PtNi, PtRu)157-159, 165, showed superior performance in 
mass activity and durability. Currently, conductive layer coating152 and nanoporous 
confinement techniques58, 129, 156-159 have been applied to minimize metal nanoparticles 
leaching problems. 
Porous carbon nanoparticles have been considered the most promising candidates for 
supercapacitor because of good thermal stability, high surface area, superior conductivity and 
low cost. Ion-buffering reservoirs can be formed in the macropores to minimize the diffusion 
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distances to the interior surfaces, mesopores provide low-resistant pathways for the ion 
diffusion and micropores strengthen the electric-double-layer capacitance.166 Up to now, 
microporous, mesoporous, hollow and yolk shell structured carbon nanospheres have shown 
superior performance in electrocapacity application because of their unique porous structure 
and improved conductivity. In addition, N doped porous carbon nanoparticles have also 
gained lots of interests because the electroactive nitrogen atom in carbon framework can 
improve the faradaic reaction, conductivity and wettability. Hence, it would be rather 
interesting to optimize electrocapacity, charge-discharge period and durability via rational 
design hierarchical porous structure combined with heteroatom doping carbonaceous 
framework in one carbonaceous nanoparticle. Moreover, metal oxide (SnO2, NiO2, MnO2)167-
169 encapsulated porous carbon nanospheres have showed extraordinary high capacitance 
along with long cycle life according to the synergistic effect from their unique composition 
and nanostructures.  
Lithium-sulphur battery performance in porous carbon materials have also been investigated 
because porous carbon materials can strongly absorb polysulfides and buffer the volume 
expansion, leading to improved cycle life and coulombic efficiency. So far, mesoporous, 
hollow, core-shell and yolk-shell structured carbon nanospheres have been widely 
investigated as sulphur storage carrier in Li-S battery. In mesoporous structure, Nazar’s group 
reported that sulphur loaded ordered 2D-hexagonal (P6mm) mesoporous carbon nanospheres 
prepared from confined self-assembly strategy showed an initial discharge capacity of 1320 
mA•h/g and a discharge capacity of about 850 mA•h/g after 100 cycles at a current rate 1C.124 
In addition, we prepared 2D hexagonal mesoporous carbonaceous nanospheres in a soft 
template method via using FC4 and F127 as dual surfactants system.117 The sulphur-carbon 
composite illustrate superior battery performance with high sulphur loading capacity (51%), 
high initial discharge capacity (1200 mA•h/g) and long durability (400 mA•h/g in 50 cycles). 
Recently, coating microporous carbon shell on the surface of mesoporous carbon 
nanoparticles to form core-shell structure has attained vast interests among researchers as 
microporous carbon shell can effectively minimize the diffusion of dissolved polysulfides 
while mesoporous carbon core could be impregnated with a substantial amount of sulphur.170, 
171 Moreover, hollow structure mesoporous carbon nanospheres showed high sulphur loading 
amount (>70%) in the benefit of their large confined void, hence ultrahigh discharge capacity 
with a durable cycle life has been reported.172 Researchers paid vast effort to precisely control 
the pore size, shell thickness, shell numbers of carbon capsules in order to obtain optimized 
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conditions to encapsulate sulphur.20, 173-178 So far, it has been reported large mesopores 
contribute to maximize the sulphur sequestered amount; thin shell thickness facilitate fast 
transport of lithium ions and electrons between the encapsulated sulphur and electrolyte; 
more shell numbers could preserve the dissolution of sulphur in the carbon capsules. Hence, 
intelligent design carbon nanospheres with hierarchical porous structure in demanding 
ordered sequence potentially break the current limitation to enhance cycle performance and 
rate capability in Li-S battery development.  
2.5.3 Delivery carriers 
Porous carbon nanoparticles have been considered as a promising therapeutic delivery carrier 
because of controllable particle size, high surface area, large pore volume, intrinsic 
hydrophobicity and good biocompatibility. In 2008, Lin’s group firstly reported ordered 
mesoporous carbon nanoparticles, prepared from MCM-48 silica template,179 that showed 
superior transmembrane delivery ability and low cytotoxicity in Hela cancer cells. After this 
pioneering work, ordered mesoporous carbon nanosphere, synthesized from soft template, 
have reported better cell uptake and lower cytotoxicity compared with mesoporous carbon 
nanoparticles made via the hard template procedure. Interestingly, the various surface 
functionalities of MCNs have also been explored. Researchers found hydrophilic carbon 
surface can improve its circulating stability via an oxidation treatment in strong acids.180 
Targeting molecule folic acid has been covalently attached to carbon sphere via a NHS/EDC 
coupling, the resulting folic acid-carbon indicate higher specific Hela cancer cell uptake 
compared with as-prepared MCNs. The drug releasing property of MCNs has also been 
studied and the results showed sustainable hydrophobic drug camptothecin release profile due 
to the hydrophobic interaction and π-π stacking between camptothecin and carbon 
framework.181 However, anticancer drug doxorubicin showed an acid preference release 
profile because the DOX•HCL comes to ionic state in lower pH.180 Mesoporous silica has 
been used as coating materials to functionalize mesoporous carbon nanospehres to form core-
shell182 or yolk-shell183 structured hybrid nanoparticle. The resulting yolk-shell nanoparticle 
consisted of a hydrophobic carbon core and a hydrophilic silica shell with dual porosity 
properties. The hydrophobic carbon core and hydrophilic silica shell can be loaded with 
hydrophobic and hydrophilic drugs respectively therefore synergistic performance to 
overcome drug resistance can be obtained due to its combined drug delivery and dual 
porosity releasing manner. Moreover, the mesoporous carbon nanoparticle showed superior 
near-infrared (NIR) adsorption and energy conversion. Hence the mesoporous carbon core 
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and mesoporous silica shell core-shell structured nanoparticles indicate combined 
photothermal and chemotherapeutic therapy with synergistic therapeutic effect to HER2-
positive breast cancer.140  
2.6 Conclusions  
In this chapter, the recent developments of carbon nanospheres in synthetic routes, 
functionalizations and applications have been overviewed. A unique variety of structures 
including hollow, core-shell and yolk-shell structured carbon nanospheres can be obtained in 
different ways. A number of approaches for engineering porosities classified as micropores, 
mesopores and macropores have been introduced. Furthermore, the carbon nanospheres with 
well controlled functionalizations such as heteroatom doping, graphitization and metal 
nanocrystals decorations have been discussed. More importantly, the potential applications of 
carbon nanospheres in the field of nanoreactors, energy storages and conversions and 
biomedical applications have also been described. In the near future, there are great interests 
to engineer carbon nanospheres with intelligent designed porosities, compositions, particle 
sizes and functionalities in the aim of specific applications for improved performance. 
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Chapter 3 
Chapter 1           Core-shell structured 
carbon nanoparticles 
Introduction 
This chapter was published in Chemistry - A European Journal, 19, (2013), 6942–6945. The 
aim of this work is to develop a general method to encapsulate metal or metal oxide cores 
with carbon layer via extension of Stöber method. The monodispersed Ag@carbon core-shell 
nanoparticles have been prepared in a one-pot reaction, and this method has been successfully 
extended to encapsulate other metal or metal oxide cores by carbon layer. In this work, we 
use the important finding that the organic sol-gel of resorcinol/formaldehyde (RF) resins is 
analogous to the silicate sol-gel process; this allows extension of the well-known Stöber 
method for the preparation of Ag, AgBr@RF core-shell nanospheres. The shape and 
thickness of the core-shell nanoparticles can be tuned by simply adjusting the synthesis 
parameters. Because of the tunability and functionality of both cores and shells, these 
complex core-shell and yolk-shell spheres have potential applications as nanocatalysts, which 
have been confirmed through our preliminary photocatalysis study. 
 
 
 
DOI: 10.1002/chem.201300523
Facile Fabrication of Core–Shell-Structured Ag@Carbon and Mesoporous
Yolk–Shell-Structured Ag@Carbon@Silica by an Extended Stçber Method
Tianyu Yang,[a] Jian Liu,*[a, b] Yao Zheng,[a, c] Michael J. Monteiro,[a] and
Shi Zhang Qiao*[c]
Core– and yolk–shell structured nanoparticles with con-
trollable sizes, shapes, and compositions are attracting great
interest due to the fact they can have functionalities in both
the cores and the shells, making these materials applicable
in catalysis, drug delivery, energy conversion, and storage
systems.[1–5] Great progress has been achieved in developing
methods for the rational synthesis of various core– and
yolk–shell-structured particles,[2,6–8] especially silica-coated
metal nanoparticles (M@SiO2), due to their excellent prop-
erties, including rich surface chemistry, high biocompatibili-
ty, controllable porosity, and good transparency. The encap-
sulated metal nanoparticles can maintain their specific cata-
lytic, magnetic, electronic, optical, or optoelectronic proper-
ties, and thus such core–shell nanoparticles could be utilized
widely in fields such as electronics, magnetism, optics, and
catalysis.[9–11] Meanwhile, polymer- and carbon-coated parti-
cles have also attracted intense interest because of their un-
usual properties.[12–16] In particular, metal nanoparticles en-
capsulated by carbon already exhibit a high conductivity
and are very attractive for catalysis and energy-storage ap-
plications.[17–20] Despite this success, it still remains a great
challenge to develop a general method to synthesize carbon-
coated metal nanoparticles (M@carbon) with controlled par-
ticle sizes, structures, compositions, and surface properties.
The Stçber method is known to produce colloidal silica
spheres through the hydrolysis and condensation of silicon
alkoxides, such as tetraethylorthosilicate (TEOS), in basic
aqueous solutions of ammonia containing different alcohols
such as methanol, ethanol, or isopropanol.[21] Liz-Marzn,
Mulvaney, and co-workers first adopted the well-established
Stçber method to successfully synthesize M@SiO2.
[22] More
recently, the Stçber method has been widely used in the
preparation of M@SiO2, metal oxide@SiO2; or semiconduc-
tor quantum dots@SiO2 nanoparticles with various
cores.[23,24] Based on the well-understood similarity between
the sol–gel processes of resorcinol–formaldehyde (RF)-resin
polymerization and silane condensation, we have successful-
ly extended the classical Stçber method to conveniently syn-
thesize monodisperse RF-resin polymer colloidal spheres
and then carbon spheres by the carbonization of the RF
spheres.[25,26] The growing number of applications of
M@carbon has driven us to further extend the Stçber
method to synthesize carbon-coated metal nanoparticles.
Herein, we describe the synthesis of Ag,AgBr@RF-poly-
mer core–shell spheres by an extended Stçber method in-
volving simultaneous reduction of AgNO3 and polymeriza-
tion of RF resins in the presence of ammonia (as a catalyst),
with the cationic surfactant hexadecyltrimethylammonium
bromide (CTAB) and the commercial tri-block polymer
F127 PEO106PPO70PEO106 (EO=ethylene oxide, PO=pro-
pylene oxide) as costabilizers (Scheme 1). Subsequent an-
nealing of the Ag,AgBr@RF core–shell particles to carbon-
ize the RF shell results in unique core–shell-structured mi-
croporous Ag@carbon spheres. Furthermore, by coating a
layer of mesoporous silica (meso-SiO2) on Ag,AgBr@RF
spheres, both rattle-type Ag,AgBr@meso-SiO2 and yolk–
shell-structured Ag@carbon@meso-SiO2 spheres can selec-
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The University of Queensland, Brisbane, QLD 4072 (Australia)
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Scheme 1. Synthesis procedures and proposed structures of
Ag,AgBr@RF and microporous Ag@carbon core–shell-structured nano-
spheres; rattle-type Ag,AgBr@meso-SiO2 and yolk–shell-structured Ag@
carbon@meso-SiO2 were obtained from Ag,AgBr@RF polymer core–
shell nanospheres through a modified version of the Stçber method.
 2013 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2013, 19, 6942 – 69456942
tively be obtained through subsequent annealing under air
and N2 flow, respectively (Scheme 1).
Figure 1A and B show typical TEM images of the result-
ing Ag,AgBr@RF core–shell spheres with uniform size of
about 550 nm, containing a 90 nm core of Ag and AgBr.
The wide-angle X-ray diffraction (WAXRD) (Figure 1E,
curve a) peaks are in good agreement with the literature
values and can be indexed to Ag and AgBr, indicating the
cores are composites of Ag and AgBr.[27,28] After carboniza-
tion, the core–shell morphology is maintained, but some
hollow voids can be observed due to the decomposition of
the Ag and AgBr core to Ag during the carbonization proc-
ess (Figures 1C and D). The particle size shrinks from 550 to
400 nm. Its WAXRD pattern (Figure 1E, curve b) shows
three peaks that can be indexed to fcc silver. The N2-adsorp-
tion isotherm of the resulting Ag@carbon presents a type I
isotherm, demonstrating that there are abundant micropores
on the carbon shells of the Ag@carbon (Figure 1F). This
sample has a Brunauer–Emmett–Teller (BET) surface area
of 440 m2g1, with a total pore volume of 0.37 cm3g1. The
surface area increases to 518 m2g1 after the resins are pyro-
lyzed at a high temperature (900 8C; Figure S1 in the Sup-
porting Information).
To control the shell thickness of the core–shell spheres,
the concentrations of the resorcinol and formaldehyde pre-
cursors were adjusted from 1.36 to 2.05 mmol, while keeping
the other synthesis parameters constant. The resultant
Ag,AgBr@RF spheres show core–shell structures with diam-
eters between 350 and 800 nm, and the shell thickness can
be further tailored from 180 to 360 nm (Figure S2 in the
Supporting Information). However, irregular-shaped parti-
cles coexist with the core–shell spheres at a low resorcinol
concentration (1.36 mmol), indicating both the shape and
size of the nanoparticles can be adjusted through control of
the RF concentration. Furthermore, in addition to coating
metal particles with a RF shell, this general synthetic
method can be extended to prepare core–shell structures
with different core compositions, such as magnetic metal
oxide nanoparticles (Figure S3 in the Supporting Informa-
tion).
The possible formation mechanism for such a core–shell
structure is as follows: CTAB forms micelles with F127 to
stabilize AgBr-core nanoparticles. Then, the RF monomers
aggregate on the micelles to form emulsion droplets; mean-
while, Ag+ is reduced to Ag0 by formaldehyde to form Ag/
AgBr-composite cores through the reaction between Ag+
and the Br of CTAB. Simultaneously, Ag/AgBr-composite
cores are encapsulated by RF polymer (Scheme 1). Without
the addition of CTAB, no core–shell structured sphere is
formed, indicating the stabilizing role of CTAB (Figure S4
in the Supporting Information). Formaldehyde plays a dual
role in the formation of the core–shell structure: it reduces
Ag+ to Ag0 in situ and crosslinks with resorcinol to form
the precursor RF polymer.
Ag,AgBr@RF@meso-SiO2 core–shell–shell mesoporous
structures (with two shells around one core) were synthe-
sized by coating a mesoporous silica shell on Ag,AgBr@RF
spheres by the self-assembly of cationic surfactants (CTAB)
and oligomers of the hydrolyzed silica precursor (TEOS)
under basic conditions (Scheme 1). A representative TEM
image of hybrid Ag,AgBr@RF@meso-SiO2 core–shell–shell
spheres, shown in Figure 2A, indicates that they are com-
posed of 90 nm cores of Ag and AgBr, a 230 nm inner shell
of crosslinked-RF polymer, and a 75 nm outer shell of meso-
porous silica, with an about 700 nm overall outer diameter
(Figures 2A and B). An interior void can be obtained
through calcination of Ag,AgBr@RF@meso-SiO2 under air
or N2 flow (Scheme 1). After calcination under air, rattle-
type Ag,AgBr@meso-SiO2 are obtained through burning of
the middle RF shell; the original 90 nm core breaks into
multiple 5-nm particles that are dispersed in the interior
void (Figures 2C and D). After calcination under N2, the
RF-polymer middle layer is converted into a hollow carbon
shell, and Ag,AgBr@RF@meso-SiO2 spheres are converted
into Ag@carbon@meso-SiO2 yolk–shell particles (Figures 2E
and F). As shown in Figure 2F, the shrinkage of the middle
RF-polymer shell during the carbonization process results in
a hollow void about 150 nm thick between the carbon inner
shell and the mesoporous silica outer shell. Because the
mesoporous silica shell could potentially allow higher tem-
peratures inside the void than found outside the particle,
during the pyrolysis process the carbon spheres could de-
compose from the inside, in agreement with observations
Figure 1. TEM images of A,B) Ag,AgBr@RF core–shell spheres and
C,D) Ag@carbon core–shell spheres, at different magnifications.
E) Wide-angle X-ray diffraction (WAXRD) patterns of: curve a) A-
g,AgBr@RF core–shell spheres, curve b) Ag@carbon core–shell spheres.
F) Nitrogen-adsorption–desorption isotherm of Ag@carbon core–shell
spheres.
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from the Stçber method that the outer side of a silica/
carbon shell can be harder than the interior side.[25] XRD
patterns of these samples confirm the composition of the
cores (Figure S5 in the Supporting Information). Because
the nanoscale particles are smaller and less crystalline, the
XRD pattern of Ag,AgBr@meso-SiO2 shows a lower inten-
sity than that of corresponding Ag,AgBr@RF with large
cores. To directly image the multiple small cores in
Ag,AgBr@meso-SiO2 yolk–shell spheres and gather detailed
information about the components, high-angle annular dark-
field scanning transmission electron microscopy (HAADF-
STEM) was performed. The HAADF-STEM images (Fig-
ure 2G) clearly show the multiple small cores, the hollow
void, and the porous shell. The Ag/AgBr nanoparticles can
be seen as bright spherical dots and are evenly dispersed in
the hollow void. Combined with the bright-field scanning
transmission electron microscopy (STEM) image and line-
scanning energy-dispersive X-ray (Figure 2H) analysis, the
results further confirm the yolk–shell structured nanoparti-
cle with multiple cores. These small cores are Ag/AgBr com-
posites and evenly encapsulated inside the void. The thus-
designed multifunctional yolk–shell particles possess large
void spaces, enabling loading with guest molecules and con-
finement of active metal nanoparticles.[29–33] Furthermore,
both the surface roughness and pore volume can be control-
led by tailoring the amount of CTAB used during the meso-
porous-silica-coating process (Figure S6 in the Supporting
Information).
Using Ag,AgBr@RF with varied RF-polymer-shell thick-
nesses and shapes as seeds, both rattle-type Ag,AgBr@
meso-SiO2 and yolk–shell-structured Ag@carbon@meso-
SiO2 spheres with various sizes, shapes, and void sizes can
be obtained through calcination under air or N2, respectively
(Figures S7 and S8 in the Supporting Information). Our pre-
liminary results show that the resulting core– and yolk–shell
spheres have potential applications in photocatalysis for hy-
drogen production (Figure S9 in the Supporting Informa-
tion).
In summary, we have demonstrated that Ag,AgBr@RF
core–shell composites can be readily synthesized by an ex-
tended Stçber method, and monodisperse Ag@carbon
spheres can be produced by carbonization of Ag@RF under
N2. The shape and thickness of the shell can be tuned by
simply adjusting the synthesis parameters. This simple one-
pot route can be extended to the preparation of core–shell
spheres with other metals as cores. Rattle-type Ag,AgBr@
meso-SiO2 and yolk–shell-structured Ag@carbon@meso-
SiO2 have been selectively synthesized by calcinating
double-layered Ag,AgBr@RF@meso-SiO2 under air or N2.
Because of the adjustability and functionality of both the
cores and shells, these complex core– and yolk–shell spheres
could have potential applications as nanocatalysts, which has
been shown by our preliminary photocatalysis study.
Experimental Section
Materials : Hexadecyltrimethylammonium bromide (CTAB, 99%), Plur-
onic F127, tetraethylorthosilicate (TEOS, 99%), resorcinol (99%), am-
monium hydroxide (25% aqueous solution), and silver nitrate (99%)
were purchased from Sigma. A solution of formaldehyde (analytical re-
agent, 37%) was purchased from Ajax Finechem Pty Ltd. All chemical
reagents were used as received without further purification.
Synthesis of Ag,AgBr@resorcinol-formaldehyde (RF)-polymer spheres :
In a typical synthesis, CTAB (0.10 g) and F127 (0.25 g) were dissolved in
a mixture of water (20 mL) and ethanol (8 mL). Then, an aqueous solu-
tion of ammonia (NH4OH, 0.1 mL, 25 wt%) was added. After stirring at
30 8C for 1 h, an aqueous solution of silver nitrate (1.0 mL, 0.15m) was
added. After stirring for more than 1 h, resorcinol (0.2 g) was added.
After further stirring for 30 min, a solution of formaldehyde (0.28 mL)
was added. The mixture was stirred for 24 h at 30 8C and subsequently
heated for 24 h at 100 8C under static conditions in a Teflon-lined auto-
clave. The solid product was recovered by centrifugation and air-dried at
100 8C for 48 h. The theoretical Ag/RF ratio is 0.082.
Synthesis of Fe3O4@RF spheres : In a typical synthesis, CTAB (0.10 g)
and F127 (0.25 g) were dissolved in a solution containing water (20 mL)
and ethanol (8 mL). Then, aqueous ammonia solution (NH4OH, 0.1 mL,
25 wt%) was added. After stirring at 30 8C for 1 h, 6-nm uniform magnet-
Figure 2. TEM images of: A,B) Ag,AgBr@RF@meso-SiO2 core–shell–
shell spheres; C,D) Ag,AgBr@meso-SiO2 yolk–shell spheres; E,F) Ag@-
carbon@meso-SiO2 yolk–shell spheres, at different magnifications.
G) HAADF-STEM images and H) Bright-field STEM images of
Ag,AgBr@meso-SiO2 yolk–shell spheres with an EDX line-scan overlay.
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ic nanocrystals (4.0 mL, 30 mgmL1) prepared according to a previously
reported method[1] were added. After stirring for more than 1 h, resorci-
nol (0.2 g) was added. Then, after stirring for 30 min further, a solution
of formaldehyde (0.28 mL) was added and the mixture was stirred for
24 h at 30 8C and subsequently heated for 24 h at 100 8C under a static
condition in a Teflon-lined autoclave. The solid product was recovered by
centrifugation and air-dried at 100 8C for 48 h.
Synthesis of Ag,AgBr@RF@meso-SiO2 spheres : Double core–shell parti-
cles were prepared through a surfactant-templating sol–gel approach by
using CTAB as a template. In brief, the Ag,AgBr@RF particles (0.05 g)
were added into the solution containing water (25 mL), ethanol (15 mL),
CTAB (75 mg) and an aqueous solution of ammonia (0.25 mL, 25 wt%).
The mixture was homogeneously dispersed after being agitated ultrasoni-
cally and mechanically for 30 min. Then, TEOS (120 mL) was added
dropwise with continuous stirring for about 10 s, and the reaction was
continued for 6 h. The particles were collected by centrifugation and
washed with ethanol and water, after which the Ag,AgBr@RF@meso-
SiO2 core–shell nanocarriers were obtained.
Synthesis of Ag,AgBr@meso-SiO2 and Ag@carbon@meso-SiO2 yolk–
shell nanoparticles : Ag,AgBr@meso-SiO2 yolk–shell nanoparticles were
obtained by calcinating the above-described Ag,AgBr@RF@meso-SiO2
at 700 8C under an air atmosphere for 6 h in a furnace. The heating rate
from room temperature to 700 8C was 10 8Cmin1. Similarly, the Ag@car-
bon@meso-SiO2 yolk–shell nanoparticles were obtained by calcination of
the produced Ag,AgBr@RF@meso-SiO2 at 700 8C under a N2 atmosphere
for 6 h in a furnace.
Characterization : Transmission electron microscopy (TEM) measure-
ments were conducted on a JEM-2100 F microscope (JEOL, Japan) oper-
ated at 200 kV. The samples for TEM measurement were suspended in
ethanol and then dried on a holey carbon film on a Cu grid. Wide-angle
X-ray diffraction (WAXRD) was conducted on a GBC MMA X-ray dif-
fractometer with 2q ranging from 30 to 908. The N2-sorption experiments
were performed at 77 K on a Micromeritics Tristar3000 system with mi-
cropore analysis. Prior to the measurement, the samples were out-gassed
at 120 8C for at least 6 h. The Brunauer–Emmett–Teller (BET) specific
surface areas were calculated using adsorption data at a relative pressure
range of P/P0=0.05–0.25. Pore-size distributions were derived from the
adsorption branch using the Barrett–Joyner–Halenda (BJH) method. The
total pore volumes were estimated from the amount of nitrogen adsorbed
at a relative pressure (P/P0) of 0.99.
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Figure S1. The nitrogen adsorption/desorption isotherms of Ag@Carbon core-shell nanoparticles 
synthesised by pyrolyzing the RF sphere at 900 °C. 
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Figure S2. TEM images of Ag,AgBr@RF core-shell structured nanoparticles prepared with different 
amount of resorcinol formaldehyde monomer: (A) resorcinol=1.36 mmol; (B) resorcinol=1.59 mmol; 
(C) resorcinol=1.82 mmol; (D) resorcinol=2.05 mmol. 
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Figure S3. (A, B) TEM images of core-shell structured nanoparticles encapsulating different cores: A) 
Fe3O4 nanoparticles; B) Fe3O4 nanoparticles and Ag/AgBr nanoparticle. (C, D) XRD patterns of: C) 
Fe3O4@RF; D) Ag,AgBr,Fe3O4@RF. 
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Figure S4. Degree of shape transformation according to the amount of CTAB in the system: (A) 
CTAB=0 g; (B) CTAB=0.1 g; (C) CTAB=0.2 g. 
 
 
 
Figure S5. XRD patterns of rattle type Ag,AgBr@meso-SiO2, Ag@Carbon@meso-SiO2 yolk shell, 
and Ag,AgBr@RF@meso-SiO2 core-shell-shell structured nanoparticles, respectively. 
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Figure S6. TEM images of (A), (C) Ag,AgBr@RF@meso-SiO2 core-shell-shell nanoparticles 
synthesized with different amount of CTAB, and (B), (D) the resulted Ag@Carbon@meso-SiO2 
yolk-shell nanoparticles synthesized at different CTAB amounts in mesoporous silica coating: 
(A),(B) 0.137 mmol; (C), (D) 0.274 mmol. 
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Figure S7. (A, C, E) TEM images of the core-RF shell-mesoporous silica shell hybrid materials with 
different mesoporous silica shell thickness synthesised at different TEOS amounts: A) TEOS =0.12 
mL; C) TEOS =0.24 mL and E) TEOS =0.48 mL. (B, D, F) TEM images of the core-microporous 
carbon shell-void-mesoporous silica shell hybrid materials with different mesoporous silica shell 
thickness synthesised at different TEOS amounts: B) TEOS =0.12 mL; D) TEOS =0.24 mL and F) 
TEOS =0.48 mL. G) The nitrogen adsorption/desorption isotherms of Ag@Carbon@meso-SiO2 
yolk-shell nanoparticles synthesised at different TEOS amounts: a) TEOS =0.12 mL; b) TEOS =0.24 
mL and c) TEOS =0.48 mL. H) Pore size distributions obtained from desorption branch of the 
isotherms in (G). 
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Figure S8. TEM images of (A), (B), (C) Ag,AgBr@RF@meso-SiO2 core-shell-shell nanoparticles 
synthesized with different amount of resorcinol precursor A) 0.15, B) 0.175, C) 0.225 g, respectively. 
(D), (E), (F) Ag@Carbon@meso-SiO2 yolk-shell nanoparticles synthesized with different amount of 
resorcinol precursor D) 0.15, E) 0.175, F) 0.225 g, respectively. (G), (H), (I) Rattle type 
Ag,AgBr@meso-SiO2 nanoparticles synthesized with different amount of resorcinol precursor G) 
0.15, H) 0.175, I) 0.225 g respectively. 
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Figure S9. Photocatalytic hydrogen production properties of the resulted core-shell and yolk shell 
structured photocatalyst. 
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Chapter 4 
           Mesoporous and hollow 
structured N-doped carbon 
nanoparticles 
Introduction 
This chapter was published in J. Mater. Chem. A, 2014, 2, 18139-18146. The aim of this 
work is to develop a method to prepare nitrogen-doped carbon nanoparticles in mesoporous 
and hollow structure. The synthesis of N-doped mesoporous carbon nanoparticles has been 
achieved via a dual surfactants soft template method, and mesoporous hollow structured N-
doped carbon nanoparticles have been prepared by an outer silica assisted method. In this 
work, we designed homogeneously doped heteroatom nitrogen into carbon framework via an 
in situ one pot reaction. Doping heteroatoms into carbon materials have gained considerable 
attention to improve the oxygen reduction reaction (ORR) performance in the fuel cell 
application. In our work, while all the resulting materials showed favourable ORR activity, 
the metal-free N-doped hollow mesoporous carbon spheres with particle size of ~150 nm and 
shell thickness of 22 nm, in particular, exhibited the highest activity.  
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The interest in the design and controlled fabrication of mesoporous carbon nanospheres emanates from
their tremendous potential applications in adsorption, energy conversion and storage, gene therapy, and
catalysis. Here, we report the synthesis of uniform N-doped mesoporous carbon spheres with tunable
particle size from 40 to 750 nm by a one-pot soft template method. The synthetic method also allowed
the preparation of N-doped microporous or mesoporous hollow carbon spheres. While all the resulting
materials showed favourable electrocatalytic activity, the metal-free N-doped mesoporous hollow
carbon spheres with particle size of 150 nm, in particular, exhibited the highest activity.Introduction
The relatively good electrical conductivity and high specic
surface area of mesoporous carbon materials have great
potential as catalysts, super-capacitors, fuel cells, and lithium-
ion batteries.1–4 Doping heteroatoms (nitrogen, boron, sulphur
and phosphorus etc.) within the carbon framework, even a small
amount, can signicantly improve the conductivity, interac-
tions with molecules, basicity, oxidation stability and catalytic
activity.5–8 Currently, most synthetic strategies include doping
of N directly into the mesoporous carbon, or dual doping
through two main approaches: the rst through post-treatment
of mesoporous carbon with reactive nitrogen sources (e.g.
ammonia9 and urea10), and the second and dominant approach
through a one-step pyrolysis of nitrogen containing precursor
with the carbon precursor (e.g. heterocyclic molecules2 or
melamine11).
Recently, nanoporous carbon spheres (NCSs) have gained
considerable attention due to their exquisite control over the
geometry and particle size, and the ability to minimize viscous
effects and nely tune the porosity.12–18 Various synthetic strat-
egies that include hard or so templating, hydrothermal
carbonization, emulsion polymerization, and the Sto¨ber
method have been developed for the preparation of NCS and
carbon composite spheres.19–26 Zhao and co-workers developednd Nanotechnology, The University of
alia. E-mail: jian.liu@curtin.edu.au; s.
.au
n University, Perth, WA 6845, Australia
rsity of Adelaide, SA5005, Australia
scopy and Microanalysis, The University
lia
tion (ESI) available. See DOI:
hemistry 2014a low-concentration hydrothermal route to produce highly
ordered body-centred cubic (Im3m) mesoporous carbon nano-
spheres (MCNSs) with uniform particle size (20 to 140 nm) by
using the so template method.27 Despite control over particle
size and porosity, this approach represents a multistep proce-
dure limiting the large scale synthesis of MCNSs. We recently
reported the one-pot synthesis of microporous carbon spheres
by the carbonization of resorcinol (R) and formaldehyde (F)
polymer resins spheres prepared through extending the well-
known Sto¨ber method.28 This synthesis can be extended via a
so templating method to mimic the synthesis process of
mesoporous silica nanospheres to produce mesoporous poly-
meric nanospheres (MPN) and MCNSs.29 Given the remarkable
synthetic progresses made in making NCSs with well-dened
sizes, the production of MCNSs and hollow MCNSs doped with
heteroatoms in one-pot from molecular level design has proved
to be elusive.
N-doped carbon spheres have been synthesized through
hard template method or extended Sto¨ber method,23–26 however,
the smaller pore size of the resultant microporous carbon
spheres limited their further applications. N-doped meso-
porous carbon nanospheres with controlled particle size could
exhibit unique properties to act as an electrode for the oxygen
reduction reaction (ORR). This could be attributed to their
enhanced interaction and dissociation of oxygen within the
pores and on the surface, improved wettability to electrolyte
solution and the charge and spin density on the carbon. To
enrich the carbon spheres library, herein, we report for the rst
time a facile method to produce large scale mesoporous 3-
aminophenol/formaldehyde (APF) resin polymeric nanospheres
(MAPFNS) and N-doped mesoporous carbon nanospheres
(N-MCNSs) via a dual-so templating approach (Scheme 1,
route A). The method is based on the polymerization of 3-amino-
phenol (AP) and formaldehyde (F) in a mixture of water andJ. Mater. Chem. A, 2014, 2, 18139–18146 | 18139
Scheme 1 Experimental routes were taken to prepare the N-doped
carbon spheres in different nanostructures (The blue dots represent
the N doping). Route A: nitrogen-doped mesoporous carbon nano-
spheres (N-MCNSs); route B: nitrogen-doped mesoporous hollow
carbon nanospheres (N-MHCNSs); and route C: nitrogen-doped
hollow carbon nanospheres (N-HCNSs).
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View Article Onlineethanol with cysteine as a catalyst to generate MAPFNSs.
Through an innovative outer-silica-assisted coating method, we
could create N-doped mesoporous hollow carbon nanospheres
(N-MHCNSs) with tailorable shell thickness, pore size and
surface area (Scheme 1, route B). We also produce a series of N
doped carbon spheres such as N-doped core–shell and hollow
carbon nanospheres (N-HCNSs), synthesized by the extension of
Sto¨ber coating method (Scheme 1, route C). Furthermore, the
ORR allowed the electrocatalytic activity of N-doped MCNSs,
MHCNSs and HCNSs to be evaluated for the nanostructure type.
Experimental sections
Synthesis of mesoporous APF resins polymeric nanospheres
(MAPFNSs) and N doped mesoporous carbon nanospheres
(N-MCNSs) in route A.
In a typical synthesis MAPFNS-1, an aqueous-alcoholic solution
was prepared by mixing 80 mL ethanol and 200 mL of distilled
water at 25 C. Subsequently, 1 g F127, 1.3 g CTAB, and 2 g
cysteine were added in the mixed solution under continuous
stirring. Then, 2 g 3-aminophenol was added and stirred until a
complete dissolution. Next, 2.8 mL 37 wt% formaldehyde was
dropped in and kept stirring for another 24 h. Finally, the
mixture was transferred to autoclave and the hydrothermal
temperature is 100 C for another 24 h. The resulting MAPFNS
was obtained by washed with water and ethanol for 3 times. The
nal product in this scale is 2.8 g. In order to obtain N-MCNSs,
TheMAPFNSs were calcinated under N2 ow in the tube furnace
using a heating rate of 1 C min1 up to 350 C, dwell for 2 h,
and resuming heating rate at 1 C/min up to 700 C and dwell
for 4 h. The parameters of MAPFNSs and N-MCNSs are listed in
Table S1.†
Synthesis of graphitic mesoporous N doped carbon
nanosphere
200 mg MAPFNs were dispersed in 50 mL water under sonica-
tion and then iron acetate (0.1 M) or nickel acetate (0.1 M) was
added. Aer stirring overnight, Fe2+ and Ni2+ coordinated with
MAPFNs. The MAPFNs-Fe2+ and MAPFNs-Ni2+ were washed by18140 | J. Mater. Chem. A, 2014, 2, 18139–18146water several times to remove extra Fe and Ni ions. The resulting
MAFPNs-Fe2+ and MAPFNs-Ni2+ were carbonized under argon
gas in the tube furnace using a heating rate of 1 C min1 up to
350 C, dwelling for 2 h, and resuming heating rate at 1 C
min1 up to 900 C and then dwelling for 4 h.Synthesis of KOH activated N-MCN
In a typical synthesis, 100 mg N doped mesoporous carbon
nanosphere mixed with 0.4 g KOH and then calcinated under
nitrogen gas in the tube furnace using a heating rate of 1 C
min1 up to 350 C, dwelling for 2 h, and resuming heating rate
at 1 Cmin1 up to 700 C and then dwelling for 4 h, the sample
is named as N-MCNs-activated.S, N-MCN
0.1 g MAPFNSs were crashed in a motar with 1.0 g dibenzyl
disulde into ne powder. The mixture was then calcinated
under nitrogen ow in the tube furnace using a heating rate of
1 Cmin1 up to 350 C, dwelling for 2 h, and resuming heating
rate at 1 C min1 up to 900 C and then dwelling for 4 h.B,N-MCN
0.1 g MAPFNSs were mixed with 1.0 g boric acid then the
mixture was then calcinated under nitrogen ow in the tube
furnace using a heating rate of 1 C min1 up to 350 C,
dwelling for 2 h, and resuming heating rate at 1 C min1 up to
900 C and then dwelling for 4 h. Aer that, above product was
washed by 50 mL NaOH (0.1 M) and water several time to
remove remained B2O3 impurities.Synthesis of N-dopedmesoporous hollow carbon nanospheres
(N-MHCNSs) in route B
Firstly, an aqueous-alcoholic solution was prepared by mixing
15 mL ethanol and 25 mL of distilled water at 25 C. Subse-
quently, 75 mg CTAB was added in above aqueous-alcoholic
solution. Then 250 mL aqueous ammonium solution (NH4OH,
28%) was added. Aer stirring for 30 min, 0.1 g as-synthesized
MAPFNSs-1 was added under ultrasonication for another
30 min. Thereaer, proper amount of TEOS was added in
dropwise with continuous stirring for about 10 seconds, and the
reaction was continued for 6 h. The particles were collected by
centrifugation and redispersed in water and ethanol for three
times, Then MAPFNS@meso-SiO2 core–shell nanoparticles were
obtained by drying at 100 C in oven overnight. The
N-MHCN@meso-SiO2 core–shell nanoparticles were obtained by
calcinating the above MAPFNS@meso-SiO2 core–shell nano-
particles under nitrogen ow in the tube furnace using a heat-
ing rate of 1 C min1 up to 350 C, dwelling for 2 h, and
resuming heating rate at 1 C min1 up to 700 C and then
dwelling for 4 h. The nal product N-MHCNSs were obtained by
removing silica shell using 10% HF.This journal is © The Royal Society of Chemistry 2014
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View Article OnlineSynthesis of N doped hollow carbon nanospheres (N-HCNSs)
in route C
In a typical synthesis, N-HCNSs-1 Silica core nanospheres were
synthesized based on previous ref. 33. Firstly, an aqueous-
alcoholic solution was prepared by mixing 7 mL ethanol and 20
mL of distilled water at 25 C. Subsequently, 0.025 g F127,
0.0325 g CTAB, 0.05 g cysteine and 100 mL ammonium
hydroxide solution were added in the mixed solvent under
continuous stirring. Aer that, 0.2 g silica core nanospheres
were well dispersed in 1 mL ethanol by ultrasonicator and drop
in above solution. Then, 0.05 g aminophenol was added in
sequence and stirred until a complete dissolution. Next, 0.07
mL 37 wt% formaldehyde was dropped in and kept stirring for
another 24 h. Finally, the mixture was transferred to autoclave
and the hydrothermal temperature is 100 C for another 24 h.
The resulting SiO2@MAPFNSs were obtained by washed with
water and ethanol for three times. In order to get core–shell
silica@N-MCNSs, the above silica@MAPFNSs were calcinated
under nitrogen ow in the tube furnace using a heating rate of 1
C min1 up to 350 C, dwelling for 2 h, and resuming heating
rate at 1 C min1 up to 700 C and then dwelling for 4 h. HF
etching was conducted in 20 mL 10% HF solution. Then the
samples were washed by water to remove HF acid completely
and dried at 100 C in oven over night.Electrochemical measurement
In a typical electrochemical measurement, 2 mg carbon powder
was dispersed in 1 mL 0.1% Naon aqueous solution by ultra-
sonication. 50 mL of the dispersion was dipped onto a 5.61 mm
diameter glassy carbon rotating ring-disk electrode (RRDE) and
dried in ambient environment. About 0.4 mg cm2 catalyst was
loaded on the electrode. 0.1 M KOH aqueous solution, a Ag/AgCl
electrode (4 M KCl, 0.2 V vs. standard hydrogen electrode) and a
Pt wire were used as the electrolyte, reference electrode and
counter electrode respectively. The electrolyte is saturated with
O2 of 1 atm. For a test of stability, the electrode of N-MHCN is
biased at 0.9 V for 15 h aer all the measurement above.
Oxygen is continuously purged in to conduct ORR during that
period of time. Then, a LSV is measured to be compared with
the original one.Characterization
Transmission electron microscopy (TEM) measurements were
conducted on a JEM-2100F microscope (JEOL, Japan) operated
at 200 kV. The samples for TEM measurement were suspended
in ethanol and supported onto a holey carbon lm on a Cu grid.
Scanning electron microscopy (SEM) was taken with a JEOL-
7800F eld emission electron microscopy. The N2-sorption
experiments were performed at 77 K on a Micromeritics Tristar
3000 system withmicropore analysis. Prior to themeasurement,
the samples were out-gassed at 120 C for at least 6 h. The
Brunauer–Emmett–Teller (BET) specic surface areas were
calculated using adsorption data at a relative pressure range of
P/P0 ¼ 0.05–0.25. The total pore volumes were estimated from
the amount of nitrogen adsorbed at a relative pressure (P/P0) ofThis journal is © The Royal Society of Chemistry 20140.99. XPS Data was acquired using a Kratos Axis ULTRA X-ray
Photoelectron Spectrometer, their atomic concentrations were
calculated using the CasaXPS version 2.3.14 soware and a
Shirley baseline with Kratos library Relative Sensitivity Factors
(RSFs). Peak tting of the high-resolution data was also carried
out using the CasaXPS soware. Raman spectroscopy was
collected with HORIBA LabRAM HR Evolution with 532 nm
laser.
Results and discussions
Route 1: synthesis of N-doped mesoporous carbon
nanospheres (N-MCNSs) via a dual-so templating approach
The overall synthetic procedure for N-MCNSs is illustrated in
Scheme 1 (route A). The rst step involved the formation of
micelles from the combination of two surfactants – the cationic
surfactant cetyltrimethylammonium bromide (CTAB) and tri-
block non-ionic surfactant Pluronic F127 ((EO)106–(PO)70–
(EO)106) – in a mixture of water and ethanol with the medium-
agent cysteine. In the next step, AP and F precursors were
polymerized on the surface of micelles to form a resol-micelle
complex through a sol–gel process. Following the high cross-
linking of APF and the aggregation of nanomicelles under a
hydrothermal treatment, the as-synthesized MAPFNSs were
obtained. Finally, the N-MCNSs were formed by the carboniza-
tion under N2 (Scheme 1, route A).
The morphology and structure of MAPFNSs and N-MCNSs
identied by scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM) (Fig. S1†) showed that the
MAPFNSs-1 consisted of a nanosphere with an average particle
size of ca. 160 nm, and an internal mesoporous structure. A
representative SEM image (Fig. 1a) of N-MCNSs-1 produced by
carbonization of MAPFNSs-1 showed uniform spheres with an
average particle diameter of 120 nm. Interestingly, the high
resolution (HR) SEM image clearly showed the presence of a
mesoporous structure in the interior of the nanospheres (Fig. 1a
inset). Analysis of the TEM images (Fig. 1b and S2†) revealed a
microporous shell thickness of around 20 nm, and a meso-
porous interior of around 80 nm in diameter.
The scanning transmission electron microscope (STEM)
bright eld image and the corresponding electron energy-loss
spectroscopy (EELS) mapping images (Fig. 1c) of N-MCNSs-1
revealed that the nitrogen atoms were homogeneously distrib-
uted in the carbon framework. This was further conrmed by
X-ray photoelectron spectroscopy (XPS) (Fig. S3†), showing three
typical peaks for C1s, N1s, and O1s in the survey spectrum with
the corresponding content of each element of 90.8%, 6.1% and
3.1%, respectively. The XPS high resolution narrow scan
(Fig. 1d) showed three overlapping N1s peaks corresponding to
graphitic nitrogen (400.7 eV), pyridinic nitrogen (398.3 eV), and
oxidized nitrogen (402.2 eV). The mesoporous structure of
N-MCNSs-1 was further proved by a typical type IV isotherm
(Fig. 1e), which had a distinctive capillary condensation step at
P/P0¼ 0.2–0.4 indicating the presence of uniformmesopores. In
addition, as shown in Table 1, the specic surface area and total
pore volume of N-MCNSs-1 are 342 m2 g1 and 0.19 cm3 g1,
respectively.J. Mater. Chem. A, 2014, 2, 18139–18146 | 18141
Fig. 1 (a) SEM images (inset is HRSEM image); (b) TEM image (sche-
matic representation of the N-doped carbon spheres is shown inset,
the blue dots represent the N doping); (c) STEM and corresponding
EELS mapping analysis; (d) XPS high-resolution N spectrum; and (e)
nitrogen adsorption–desorption isotherms of the resulted N-doped
mesoporous carbon nanospheres (N-MCNSs-1) made from route a.
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View Article OnlineIt has been found that the particle size of the Sto¨ber carbon
sphere can be controlled by the addition of non-ionic surfactant
Pluronic F127.28 Increasing the concentration of F127 from
0.014 to 1.13 mM resulted in a gradual decrease in particle size
from160 to100 nm, and120 to80 nm in the synthesis of
MAPFNSs and N-MCNSs, respectively (Fig. S4 and S5 in Table
S2†). This decrease in size was further quantied in Fig. S5i,† in
which the decreasing rate in the particle size was similar in both
before (MAPFNSs) and aer carbonisation (N-MCNSs), well in
agreement with a previous study using F127 and CTAB to
template mesoporous silica nanoparticles and further conrm
carbon spheres can be prepared referring to methods for silica
spheres due to their precursors similarities.30 The combination
of TEM and N2 sorption results for analysis of N-MCNSs-x (Table
S2 and Fig. S6†) indicated that both the particle size and porousTable 1 Physicochemical parameters of N-doped mesoporous carbon
Sample Synthesis route
F127 concentration
(mM)
Spe
(m2
N-MCNSs-1 A 0.28 342
N-MHCNSs-500 B 0.28 402
N-MHCNSs-700 B 0.28 661
N-MHCNSs-900 B 0.28 705
N-HCNSs-1 C 0.07 249
a Specic surface area was calculated by BET modelling. b Specic pore v
particle size was estimated by TEM analysis.
18142 | J. Mater. Chem. A, 2014, 2, 18139–18146structure can be nely controlled by tunning the F127
concentration.
Understanding the mechanism of formation of N-MCNSs
can allow the design of N-MCNSs with controlled favourable
sizes to match various specic applications. The key parameters
involved in controlling the particle size and porosity include the
concentrations of CATB, cysteine and 1,3,5-trimethylbenzene
(TMB), the hydrothermal treatment temperature, and the
volume ratio of ethanol–water (E–W). The cationic surfactant
CTAB stabilized the colloidal particles during the synthesis
process. Without the addition of CTAB, the particles aggregated
and showed a signicant branching network (Table S2, Fig. S7a
and b†). Increasing the concentration of CTAB resulted in an
increase in the microporous shell thickness (Table S2, Fig. S7
and S8†). The increase of the volume ratio of E/W from 0.167 to
0.75 can dramatically increase the size of spheres from 40 nm to
750 nm (Table S2, Fig. S9†). This effect indicated that the
emulsion droplet size increased with the E/W ratio probably due
to the limited colloidal stability aggregated during the sol–gel
process to larger particles. The results of varying the amount of
cysteine demonstrated the importance of this reagent in
controlling the porous structure of MAPFNSs. By varying the
amount of cysteine upto 0.3 g (Table S2, Fig. S10†), the porosity
of MAPFNSs could be tailored with an increase in cysteine to
produce microporous to mesoporous structure and then to
cage-like structure. These types of porosity were conrmed
using nitrogen adsorption–desorption isotherms (Table S2,
Fig. S11†). The addition of the swelling agent TMB signicantly
decreased the particle size (Table S2, Fig. S12†) with fewer pores
in the interior (Table S2, Fig. S13†), suggesting the complex
interplay between all components in both controlling the
particle size and porosity. The hydrothermal temperature did
not show any control over the particle size, but with an increase
in the temperature allowed ne tuning of both the surface area
(increase from 343 to 394 m2 g1) and total pore volume (0.19 to
0.23 cm3 g1) as shown in Fig. S14 and S15 (Table S2†). The
above results suggest that a series of N-MCNSs with different
particle size, pore size, porous structure, physicochemical
properties can be successfully synthesized by tailoring the
synthesis parameters. Following formation mechanism of
mesoporous APF polymer resins is proposed based on our
synthesis results, rstly, microemulsions were formed in the
mixture of ethanol and water. Aer addition of 3-aminophenolspheres and hollow spheres
cic surface areaa
g1)
Total pore volumeb
(cm3 g1)
Average particle sizec
(nm)
0.19 120
0.38 156
0.62 161
0.58 148
0.23 340
olume was measured by single point adsorption at P/P0 ¼ 0.99. c Mean
This journal is © The Royal Society of Chemistry 2014
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View Article Onlineand formaldehyde, under cysteine catalyzed polymerization,
resol-F127-CTAB micelles complex was formed and assembled
into the microemulsion. Following the nanomicelles aggrega-
tion and high crosslinking of AP and F reactions during the
hydrothermal treatment, mesoporous APF polymer resins with
homogenous distributed functional groups were formed.
In order to get graphitic N doped mesoporous carbon
nanospheres, Fe3+ or Ni2+ were introduced to MAPFNs. From
TEM images, it can be seen iron nanoparticles are well
distributed onto graphitic N-MCNs but Ni2+ are more easy to
assemble during the carbonisation process (Fig. 2 and S16†).
HRTEM images conrm both Fe3+ and Ni2+ can catalyse
N-MCNs with graphitic structure. The graphitic shell thickness
of carbon around metallic nanoparticles is around 2–2.5 nm,
which is consistent with and average thickness of 5–7 graphite
layers (Fig. 2 and S16†). Interestingly, both the surface area and
pore volume have been improved due to abundant micropores
were generated in the process of Fe catalyst embedded
carbonization (Fig. 2d). In addition, highly porous N-MCNs with
high surface area 1295 m2 g1 and large pore volume 0.84 cm3
g1 can be obtained aer activation by KOH (Fig. S17†). The
homogeneous distributed functional groups (amine, alcohol,
aldehyde) in MAPFNs provide favourable vacancy sites for
heteroatoms co-doped into N-MCNs via post-functionalisation.
The route A can be further extended to prepare dual hetero-
atoms doped S,N-MCNs and B,N-MCNs with content of S
(3.2%), and B (3.1%), respectively (Fig. S18, S19†).Route 2: preparation of N-doped mesoporous hollow carbon
nanospheres (N-MHCNSs) through an innovative outer-silica-
assisted coating method
Aer we have successfully developed N-MCNSs with controlled
size and porosity, the next objective was the synthesis of
N-doped mesoporous hollow carbon nanospheres (N-MHCNSs)Fig. 2 (a) TEM image, (b) HRTEM image, (c) XRD, and (d) nitrogen
adsorption–desorption isotherms of graphitic N-doped mesoporous
carbon nanospheres by using nickel acetate as a catalyst.
This journal is © The Royal Society of Chemistry 2014with tailorable particle size and pore volume. The synthetic
strategy to produce these new nanoparticles is given by route B
in Scheme 1. A mesoporous silica shell was coated onto a core of
MAPFNSs through the hydrogen bonding between the amine
groups of MAPFNSs and the hydroxyl groups of silica. The core
of MAPFNS was then carbonized to form a N-dopedmesoporous
hollow carbon@mesoporous silica sphere (N-MHCN@meso-
SiO2), in which the silica shell now controls the size of the inner
carbon core. The silica is then etched with HF to produce the
nal N-MHCNSs product. A transferring from solid amino-
phenol formaldehyde polymer resins to hollow mesoporous
carbon spheres was discovered through a conned pyrolysis
process by route B, this new approach will provide new strategy
for preparation of hollow carbon spheres. This morphology
transition from porous spheres to hollow spheres was also
observed in our previous study,31 which is probably attributed to
so property of MAPFNSs formation. The mesoporous silica
shell would potentially lead to the MAPFNSs carbonization from
insider to outside. Therefore, the MAPFNSs is easily degraded
into hollow spheres with the assisted of outer mesoporous silica
layer by a conned carbonization, which is in agreement with
that outside of the Sto¨ber silica/carbon spheres could be harder
than the inside one.31 The advantage of our outer silica assisted
method was the elimination of residual silica template within
the voids and between the porous channels, overcoming a
major issue found when using an inner core sacricial
template.
The two main parameters affecting the synthesis of N-
MHCNSs were the mesoporous silica shell thickness and
calcination temperature. The mesoporous silica shell thickness
could be precisely adjusted from 15, 17 to 22 nm, respectively,
by simply controlling the amount of added silica precursor,
tetraethyl orthosilicate (TEOS). At 150 mL of TEOS, the silica
shell evenly encapsulated the MAPFNS core (Fig. S20a, c and e†).
Pyrolysis at 700 C with TEOS amounts of 80, 100 and 150 mL
further conrmed that at the highest amount of TEOS the shell
was well dened with uniform thickness from particle to
particle (Fig. S20b, d and f†), in which the thicker coating of
silica produced a higher BET surface area (783 m2 g1) and
larger pore volume (0.71 cm3 g1) as obtained from N2 sorption
analysis (Table S3†). The other major effect of N-MHCNSs
morphology control is the pyrolysis temperature. The pyrolysis
temperature kinetics showed that at a higher pyrolysis
temperature, a better dened hollow space with thinner N-
doped carbon shell was formed in the resultant N-doped
HMCNSs. The shell thickness of the N-MHCNSs could also be
controlled through the calcination temperature. Increasing the
temperature from 500, 700 to 900 C, the shell thickness
decreased from 26 (Fig. 3a and b), 22 (Fig. 3c and d) to 9 nm
(Fig. 3e and f), respectively. Their typical IV sorption curves with
a H4 hysteresis loop in their isotherms indicated the formation
of mesoporous hollow structured nanoparticles during this
outer silica assisted strategy (Fig. 3g).J. Mater. Chem. A, 2014, 2, 18139–18146 | 18143
Fig. 3 (a)–(f) TEM images of (a) and (b) N-MHCNSs-500 (schematic
representation of the mesoporous N-doped carbon spheres is shown
inset); (c) and (d) N-MHCNSs-700; (e) and (f) N-MHCNSs-900; (g) N2
sorption isotherm of N-MHCNSs-500, N-MHCNSs-700, N-MHCNSs-
900 prepared from route b.
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View Article OnlineRoute 3: generation of N-doped core–shell and hollow carbon
nanospheres (N-HCNSs) by the extension of Sto¨ber coating
method
Inspired by the Sto¨ber coating process,31 our synthesis protocols
have also been extended to coating APF polymers onto silica
spheres to generate N-doped carbon core–shell sphere and N-
doped hollow carbon spheres as shown in Scheme 1 (route C).
Fig. 3a showed the successful fabrication of core–shell struc-
tured nanoparticles by coating APF polymers on the surface of
colloidal silica spheres with the aid of CTAB. The SEM and TEM
images (Fig. 4b and c) illustrated that the resultant N-HCNSs-1
were very uniform with a particle size of 340 nm and shell
thickness of 14 nm. The broken hole on the surface of nano-
sphere in the HRSEM clearly indicated a hollow structure
(Fig. 4b insert). The very low content of uorine element in
N-HCNSs determined by XPS could be introduced during the HF
treatment for silica dissolution (Fig. S21a†). The N2 adsorption–
desorption isotherm of N-HCNSs-1 indicated a macroporous
structure due to the particle–particle interspace (Fig. S21b†),
N-HCNSs-1 had a specic surface area of 249 m2 g1 and total
pore volume of 0.23 cm3 g1 indicated from N2 adsorption–
desorption isotherm. It is worth noting that the APF polymer
coating layer was asymmetric in high concentrations of AP and
F. In addition, the resulting N-doped hollow carbon ellipsoidal
nanocapsules with different shell thicknesses can be produced
via HF etching (Fig. S22†).Fig. 4 (a) TEM image of N-doped carbon core–shell sphere with silica
core synthesized at 3-aminophenol concentration of 0.164 mol L1;
(b) SEM and inserted HRSEM images; and (c) TEM image of N-doped
hollow carbon sphere (N-HCNSs-1) synthesized from route C (sche-
matic representation of the N-doped carbon core–shell sphere and
N-doped hollow carbon sphere are shown insets).
18144 | J. Mater. Chem. A, 2014, 2, 18139–18146Evaluation of oxygen reduction reaction (ORR) electrocatalytic
activity
Electrochemical properties of above mentioned carbonaceous
nanoparticles with various porous structure and atomic
composition, including N-MCNSs, N-HCNSs, N-MHCNSs, and
MCNSs were measured to show their potential application as a
metal-free ORR catalyst. The cyclic voltammetries (CVs) in O2-
statuated 0.1 M KOH solution of the four carbon materials were
shown in Fig. 5a. Interestingly, N doped carbons obviously
showed higher specic capacitance compared to the MCNSs.
This arose from the N-doped feature, which activates the
Faradic process in carbon according to the previous reports.32
Among the nitrogen doped carbons, the N-MHCNSs had the
highest specic capacitance derived from its unique meso-
porous hollow structure with highest specic surface area and
largest pore volume. Interestingly, the onset potential of the
N-HCNSs was about 70 mV higher than the N-MCNSs as shown
in linear scanning voltammetry (LSV) on rotating ring-disk
electrode of the carbons at 1600 rpm (Fig. 5b). Among all the
carbon nanospheres, the N-MHCNSs-700 showed the best
performance including highest specic capacitance, ORR onset
potential, suggesting its potential to be used in the electro-
chemical production of hydrogen peroxide. To evaluate the
kinetics of electrochemical catalytic ORR performance on
porous N doped carbon nanospheres, K–L plots (Fig. S23e†)
derived from rotating disk electrode (RDE) measurements in
0.4 V (Fig. S23a–d†) were obtained. Porous N doped carbon
nanosphere series have much higher current density compared
with pure porous carbon nanosphere further conrm N doping
can signicantly improve ORR activity. Besides, N-MCNs and
N-MHCNs have higher current density than N-HCNs at different
rotation speed suggests mesoporous structure is favourable to
improve ORR activity than macroporous structure. The
N-HCNs-1 shows larger ORR peak, which is probably attributed
to the larger hollow void pore volume where oxygen is stored.
The lower Tafel slopes of N-MHCN and N-HCN in comparison of
that of N-MCN (59 mV vs. 93 mV per decade) in Fig. S24†
indicate the different atomic structures among these catalysts.
Interestingly, the more positive onset potential on graphitic
N-MCNs than N-MCNs in Fig. S25† indicates a more facile ORR
process. Additionally, The higher ORR current density of
graphitic N-MCNs catalysed by iron salt than that of graphiticFig. 5 (a) CV of nanoporous carbons in O2 saturated 0.1 M KOH (0.1 V
s1); (b) LSV of nanoporous carbons at 1600 rpm.
This journal is © The Royal Society of Chemistry 2014
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View Article OnlineN-MCNs catalysed by nickel salt suggesting a large number of
exposed active site from well distributed small iron
nanoparticles.
The calcination temperature effect on the ORR performance
of the N-MHCNSs series was further studied. The N-MHCNS-700
gave the highest catalytic activity compared to either N-
MHCNSs-500 or N-MHCNSs-900 (Fig. S26†). The XPS data
(Fig. S27†) indicated that N-MHCNSs-700 had the optimal N
composition compared to N in N-MHCNSs-500, and the latter
had a very low graphitic N content and thus very poor conduc-
tivity, while there was little or no electro-active N in N-MHCNSs-
900. Raman spectra with two typical D (1350 cm1) and G
(1580 cm1) bands further conrmed their XPS analysis
(Fig. S28†), in which the peaks get narrower as the temperature
increased, indicating high graphitic N content. The G band was
much stronger than the D band, supporting the presence of sp3
defects in the N-MHCNSs-500, whereas the positive shi of G
band indicated that O defect dominated rather than N in the
N-MHCNSs-900, which agreed well with the XPS analysis.
Hence, N-MHCNSs-700 is the best electrochemically active in
the N-MHCNSs series. The N-MHCNs-700 shows excellent
catalytic stability with no detectable decay aer 15 hours
continuous operation (Fig. S29†) indicating the catalyst is very
stable. Most importantly, the onset potential is signicantly
higher aer 15 hmeasurements, which exhibits that the catalyst
is more than stable but also activated by long time ORR.Conclusions
N-dopedmesoporous carbon spheres with tuneable particle size
(ranging from 40 to 750 nm), porous structures (microporous,
mesoporous and hollow structure), surface areas (67 to 1295 m2
g1) and pore volumes (0.05 to 0.84 cm3 g1) have been
successfully synthesized via a dual surfactants so template
method. This general synthesis protocol has been extended to
synthesize N-doped hollow carbon and core–shell structured
spheres by a one-step aminophenol formaldehyde polymer
resins coating and polymerisation process. Graphitic as well as
dual heteroatoms doped mesoporous carbon spheres have been
successfully synthesized by post treatment method. Through an
outer silica coating assisting method, N-doped mesoporous
hollow carbon spheres with different shell thickness (from 9 to
26 nm) can be obtained. All the resulting materials showed
advanced ORR performance due to their unique mesoporous
and heteroatom nitrogen doping nanostructure. Our synthesis
protocol paves the way for the synthesis of other heteroatoms
doped carbon spheres, and through the design parameters
described here, various carbon spheres would have potential in
energy storage and conversion, catalysis and nanomedicine.Acknowledgements
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Table S1. Synthesis parameters of MAPFNSs and N-MCNSs in route A
Sample
Concentration of 
Pluronic F127 
(mM)
CTAB 
amount 
(g)
Cysteine 
amount 
(g)
E/W a HTT (°C) b
TMB 
amount 
(g)
MAPFNSs-1 0.28 0.13 0.2 0.4 100 0
MAPFNSs-2 0 0.13 0.2 0.4 100 0
MAPFNSs-3 0.07 0.13 0.2 0.4 100 0
MAPFNSs-4 0.14 0.13 0.2 0.4 100 0
MAPFNSs-5 0.42 0.13 0.2 0.4 100 0
MAPFNSs-6 0.57 0.13 0.2 0.4 100 0
MAPFNSs-7 0.71 0.13 0.2 0.4 100 0
MAPFNSs-8 0.85 0.13 0.2 0.4 100 0
MAPFNSs-9 0.99 0.13 0.2 0.4 100 0
MAPFNSs-10
Effect of 
F127
1.13 0.13 0.2 0.4 100 0
MAPFNSs-11 0.28 0 0.2 0.4 100 0
MAPFNSs-12
Effect of 
CTAB 0.28 0.26 0.2 0.4 100 0
MAPFNSs-19 0.28 0.13 0.2 0.17 100 0
MAPFNSs-20
Effect of 
E/W 0.28 0.13 0.2 0.75 100 0
MAPFNSs-13 0.28 0.13 0 0.4 100 0
MAPFNSs-14 0.28 0.13 0.1 0.4 100 0
MAPFNSs-15
Effect of 
Cysteine
0.28 0.13 0.3 0.4 100 0
MAPFNSs-21 Effect of TMB 0.28 0.13 0.2 0.4 100 0.1
MAPFNSs-16 0.28 0.13 0.2 0.4 120 0
MAPFNSs-17 0.28 0.13 0.2 0.4 140 0
MAPFNSs-18
Effect of 
HTT (0C)
0.28 0.13 0.2 0.4 160 0
a E/W= ethanol / water ratio, b HTT = hydrothermal treatment temperature.
Figure S1. a) SEM, b) TEM, and c) High resolution TEM images of mesoporous 3-
aminophenol/formaldehyde (APF) resin polymeric nanospheres (MAPFNSs-1) corresponding 
to N doped mesoporous carbon sphere (N-MCNSs-1) from route A in Figure 1.
Figure S2. Cross-section TEM images of a) MAPFNSs-1, and b) N-MCNSs-1 in route A.
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Figure S3. XPS survey spectra of N-MCNSs-1 in route A.
Figure S4. TEM images of a-d) Polymeric APF nanoparticles (MAPFNSs) and e-h) their 
corresponding N-doped carbonaceous nanoparticles (N-MCNSs) in route A in the presence of 
F127 concentration at a), e) 0.14 mM, b), f) 0.57 mM, c), g) 0.85 mM and d), h) 1.13 mM 
respectively; i) mean particle size statistical study in the presence of different F127 
concentration.
Table S2. Comparison of the Synthesis Parameters Effects.
Effects TEM images Nitrogen sorption isotherms
Effect 
of 
F127
Figure S5. a)-j) TEM images of  MAPFNSs with 
different particle sizes synthesized at aminophenol 
concentration of 0.0655 mol/L and different F127 
concentration: a) 0 mmol/L; b) 0.07  mmol/L; c) 0.14 
mmol/L; d) 0.28 mmol/L; e)0.42 mmol/L; f) 0.57 
mmol/L; g) 0.71 mmol/L; h) 0.85 mmol/L; i) 0.99 
mmol/L; j) 1.13 mmol/L. k) Graph of the relation 
between particle size and F127 concentration.
As far as the F127 concentration higher than its CMC, the formed 
micelle could be integrated with low crosslinked aminophenol 
formaldehyde polymer to form nucleus under room temperature 
then further assembled to large mesoporous nanoparticle through 
crystallized and higher crosslinked under hydrothermal treatment 
in high temperature. It is noteworthy to indicate the higher F127 
concentration is contribute to form smaller particle size because the 
high entropy in the system could decrease the gibbs free energy on 
the surface of nanoparticle therefore to form smaller particle size.
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Figure S6. a)-f) Nitrogen adsorption 
desorption isotherms of the resulted N-
doped mesoporous carbon nanospheres 
(N-MCNSs) synthesized at different F127 
concentration: a) 0.07 mmol/L; b) 0.14 
mmol/L; c) 0.28 mmol/L; d) 0.57 
mmol/L; e) 0.85 mmol/L; f) 1.13 mmol/L.
Effect 
of 
CTAB
Figure S7. a), c), e) TEM images and b), d), f) High 
resolution TEM images of  MAPFNS synthesised with 
different amount of CTAB: a), b) 0 g; c), d) 0.13 g; e), 
f) 0.26 g.
The mesoporous structure could go to interior through increasing 
CTAB concentration. From the TEM, it shows proper amount of 
CTAB would be contribute to form uniform spherical morphology 
but too much CTAB would decrease the interior mesoporous area 
which might cause by too much positive charge in this system 
would decrease the extent of aminophenol monomer polymerize on 
the surface of F127 micelle.
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Figure S8. Nitrogen adsorption 
desorption isotherms of the resulted N-
doped mesoporous carbon nanospheres 
(N-MCNSs) synthesized at different 
amount of CTAB: a) 0g; b 0.13g; c) 
0.26g.
Table S2. Comparison of the Synthesis Parameters Effects (Continue)
Effects TEM images Nitrogen sorption isotherms
Effect of 
ethanol/
water 
ratio
Figure S9. a), c), e) TEM images and b), d), f) High 
resolution TEM images of the  MAPFNSs with 
different particle sizes synthesized at aminophenol 
concentration of 0.0655 mol/L and different 
ethanol/water volume ratio: ethanol/water volume 
ratio = a), b) 0.167; c), d) 0.4; e), f) 0.75.
The ethanol/water ratio would affect the morphology and particle 
size significantly. As the increase of ethanol/water ratio from 
0.167 to 0.75, the particle size would increase remarkably from 
nanodot in 40nm to solid microparticle in around 750nm.
Effect of 
Cysteine
Figure S10. a)-d) TEM images of MAPFNSs 
synthesized at aminophenol concentration of 0.0655 
mol/L and different cysteine amount: a) 0 g; b) 0.1 g; 
c) 0.2 g; d) 0.3 g.
Acidic amino acid in this system would provide proper 
synthesizing environment to get various porous structure, 
especially in the interior of the nanoparticle. With increase of 
Cysteine concentration, the resulting nanoparticle structure turn 
from solid to mesoporous to hollow cage structure.
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Figure S11. Nitrogen adsorption 
desorption isotherms of the resulted N-
doped mesoporous carbon nanospheres 
(N-MCNSs) synthesized at different 
amount of cysteine: a) 0 g; b 0.1 g; c) 0.2 
g; d) 0.3 g.
Table S2. Comparison of the Synthesis Parameters Effects (Continue)
Effects TEM images Nitrogen sorption isotherms
Effect 
of 
TMB
Figure S12. a), c) TEM images and b), d) High 
resolution TEM  of  MAPFNSs synthesized at 
aminophenol concentration of 0.0655 mol/L and 
different TMB (1,3,5-Trimethylbenzene) amount: a) 0 
g; b) 0.1 g.
Adding TMB in this system would be conductive to form smaller 
nanoparticle with few pores in the interior which cause by smaller 
droplet was generated during emulsion in the synthesis.
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Figure S13. Nitrogen adsorption 
desorption isotherms of the resulted N-
doped mesoporous carbon nanospheres 
(N-MCNSs) synthesized at different 
amount of TMB: a) 0 g; b 0.1 g.
Effect 
of HTT
Increase of Hydrotherm
al Tem
perature
a
b
c
120 °C
140 °C
160 °C
100 °C
d
Figure S14. TEM images of MAPFNSs synthesized at 
aminophenol concentration of 0.0655 mol/L and 
different hydrothermal temperature: a) 120 °C; b) 140 
°C; c) 160 °C.
To investigate effect of various hydrothermal temperature, four 
experiments have been done in hydrothermal temperature at 100 
°C, 120 °C, 140 °C and 160 °C. Their BET surface areas and pore 
volumes could slightly increase while increasing HT temperature 
which indicate it would not have too much effect to the extent of 
aminophenol formaldehyde polymer crosslink and crystalizaton 
when HT temperature above 100 °C.
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Figure S15. Nitrogen adsorption 
desorption isotherms of the resulted N-
doped mesoporous carbon nanospheres 
(N-MCNSs) synthesized at different 
hydrothermal temperature: a) 100 °C; b) 
120 °C; c) 140 °C; d) 160 °C.
Figure S16. a) TEM image, b) HRTEM image and c) XRD of graphitic N-doped mesoporous 
carbon nanospheres by using iron acetate as a catalyst.
Figure S17. a) SEM image, b) TEM image, and c) nitrogen adsorption desorption isotherms 
of KOH activated N-MCN.
Figure S18. a) SEM image, b) TEM image, c) XPS and d) nitrogen adsorption desorption 
isotherms of sulfur and nitrogen dual doped mesoporous carbon nanospheres (S,N-MCN).
Figure S19. a) SEM image, b) TEM image, c) XPS and d) nitrogen adsorption desorption 
isotherms of boron and nitrogen dual doped mesoporous carbon nanospheres (B,N-MCN).
Amount of TEOS
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N-MHCN-700@meso-SiO2
N-MHCNSs-700 
  
Figure S20. a), c), e) TEM images of N-doped MHCN@meso-SiO2 from route B in the 
presence of TEOS 80 μL, 100 μL and 150 μL respectively; b), d), f) TEM images of resulting 
N-doped MHCNSs corresponding to sample b), d), f) after silica etching.
Table S3. Physicochemical Parameters of Selected N-Doped Mesoporous Carbon Spheres 
and Hollow Spheres
Sample Synthesis route
F127 
concentration 
(mM)
Specific 
Surface 
areaa 
(m²/g)
Specific 
Pore 
volumeb 
(cm3/g)
Mean 
Particle 
sizec 
(nm)
N-MCNSs-3 A 0.14 319 0.19 120
N-MCNSs-6 A 0.57 302 0.19 105
N-MCNSs-8 A 0.85 400 0.24 98
N-MCNSs-10 A 1.13 364 0.25 80
N-MHCNSs-700-2 B 0.28 533 0.47 157
N-MHCNSs-700-3 B 0.28 783 0.71 175
N-HCNSs-2 C 0.14 269 0.20 420×340
N-HCNSs-3 C 0.28 67 0.05 530×410
a Specific surface area was calculated by BET modelling, b Specific pore volume was measured by single point 
adsorption at P/P0=0.99, c Mean particle size was estimated by TEM analysis. N-HCNSs-2 and N-NCNSs-3 are 
prepared in the presence of precursor 3-aminophenol concentration at 0.0328mol/L and 0.0656mol/L 
respectively. Both N-MHCNSs-700-2 and N-MHCNSs-700-3 are synthesized in the presence of 100μL TEOS.
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Figure S21. a) XPS survey spectrum of N-HCNSs-1 in the route C and its inserted high 
resolution corresponding N spectrum; b) nitrogen adsorption-desorption isotherm of the 
resulted N-doped N-HCNSs-1. 
Fluorine was doped into Nitrogen doped carbon framework because encapsulated solid silica 
core needs longer time in the HF etching process. Compared with N-MCNSs, The improved 
ORR on-set potential in N-HCNSs-1 may be potentially attributed to synergistic effect of F,N 
co-doped carbon framework. The N-HCNs-1 also shows larger ORR peak, which is probably 
attributed to the larger hollow void pore volume where oxygen is stored.
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Figure S22. a) TEM image of N-doped carbon core-shell sphere with silica core and b) 
HRTEM image of hollow N-doped carbon ellipsoidsphere (N-HCNSs-2) in route C 
synthesized at aminophenol concentration of 0.0328mol/L; c) TEM image of N-doped carbon 
core-shell sphere with silica core, and d) HRTEM image of hollow N-doped carbon 
ellipsoidsphere (N-HCNSs-3) in route C synthesized at aminophenol concentration of 
0.0656mol/L.
Figure S23. LSV curves of a) MCN, b) N-MCN, c) N-HCN, d) N-MHCN-700 catalysts at 
different rotation rates from 400 to 2400rpm; e) The corresponding K-L plots of nanoporous 
carbon catalysts at -0.4V derived from their LSV curves (a-d) at different rotation rates.
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Figure S24. Tafel plot of nanoporous carbons derived from LSV curves at 1600 rpms.
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Figure 25 LSV of graphitic N-MCNs at 1600 rpm.
a b
-1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2
C
ur
re
nt
 d
en
si
ty
 
N-HMCNSs-700
N-HMCNSs-900
Potential vs Ag/AgCl (V)
N-HMCNSs-500
-0.8 -0.6 -0.4 -0.2 0.0
-4
-3
-2
-1
0
C
ur
re
nt
 d
en
si
ty
 (m
A
 c
m
-2
)
Potential vs Ag/AgCl (V)
N-HMCNSs-500
N-HMCNSs-900
N-HMCNSs-700
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Chapter 5 
             Metal-decorated carbon 
nanoparticles 
Introduction 
The aim of this work is to develop a general method to decorate diverse noble metal 
nanoparticles on nitrogen doped mesoporous carbon nanospheres (N-MCNs) and confine 
various noble metal nanoparticles in the void of nitrogen doped hollow mesoporous 
nanospheres (N-HMCNs). More importantly, this method has been achieved to employ 
bimetallic nanoparticles to decorate on N-MCNs, confined in the N-HMCNs or selectively 
deposite on yolk-shell structured Nitrogen doped carbon nanospheres. All the nanostructure 
morphology, porosity and their alloy degree have been controlled. All these metal decorated 
N-doped carbon nanospheres show a potential application as nanoreactors for the 
hydrogenation reaction. 
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A general nanoreactor platform: Toward monodispersed 
ligand-free metal nanoparticles loaded carbon nanospheres 
Tianyu Yang,a Huajuan Ling,b Jun Huang,b* Jean-François Lamonier,d Shi Zhang Qiao,e Michael J. 
Monteiro,a* and Jian Liu,a,c,* 
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QLD 4072, Australia 
b Laboratory for Catalysis Engineering, School of Chemical and Biomolecular Engineering, The 
University of Sydney, NSW 2006, Australia 
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France 
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ABSTRACT: A general and versatile method has been developed to decorate diverse noble-metal (Pt, 
Au, Rh, Ru, Ag, Pd and Ir) nanoparticles on N-doped mesoporous carbon nanoparticle (N-MCN) via a 
simple impregnation and reduction method. Based on this strategy, confined noble-metal 
nanoparitlces in the void of N-doped hollow mesoporous carbon nanospheres (N-HMCN) has also 
been fabricated. This method can be further extended to fabricate bimetallic nanoparticles (AuPt, 
AuRh and PtRh) loaded carbon spheres. All the nanostructure morphology, porosity and their alloy 
degree have been intelligently controlled, and their catalytic hydrogenation performance has been 
evaluated.
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Metallic and bimetallic nanoparticles with rational 
controlled shape, size and composition have attracted 
vast interests due to their excellent catalytic performance 
in organic transformation, hydrogen production and 
many other important chemical reactions.1 However, 
agglomeration of metal nanoparticles in harsh reaction 
condition (e.g. high temperature, high pressure, strong 
acid or base condition) has been recogonised as one of 
the major limitations for their industrial application.2 For 
instance, supported metal nanoparticles were developed 
in improving their stability and catalysis performance.3 To 
date, various supports such as polymers4, oxides5 (e.g. 
SiO2, Al2O3, TiO2), metal organic frameworks6 (MOFs) 
and carbon materials7 have been involved for loading 
metal nanoparticles. Among them, carbon supported 
metal nanoparticles with good thermal stability under 
inert atmosphere, intrinsic hydrophobic nature, excellent 
conductivity and less interaction with metal active site, 
rendering them attractive as catalyst for various chemical 
reactions.8 Compared with other carbon supports such as 
carbon nanotube9, activated carbon10 or graphene oxide11, 
zero-dimensional (0-D) carbon nanospheres have been 
considered as an ideal platform to support metal 
nanoparticle because of their excellent stability in harsh 
condition, high surface area for abundant active metal 
loading and spherical morphology for fast mass transfer 
and minimum viscous effects. 12 
Several attempts have been done to decorate metal 
nanoparticles on nanoporous carbonaceous nanospheres. 
One major method is to reduce metal ion on the as-
prepared carbon nanoparticles surface via thermal or 
chemical reduction.13 For example, microwave assisted 
method has been used to decorate Au, Pt, Pd, Ag 
nanoparticles on the surface or interior of pre-synthesized 
carbon nanospheres.14 Schüth and co-workers applied 
pores confined method through thermal reducing 
metallic ions confined in carbon nanopores to obtain 
noble metal nanoparticles encapsulated hollow carbon 
nanosphere.15 Coating of as-synthesized noble metal 
nanocrystals by porous carbon shell to form metal 
decorated core-shell or yolk-shell structured carbon 
nanospheres also have been reported.16 However, no 
matter the as-synthesized metal nanocrystals are 
prepared from surfactants, microemulsion or polyol 
reaction method, the ligands stabilized on as-synthesized 
metal nanocrystals will weaken the interaction between 
metal activate sites and reactants, therefore, decrease 
their catalytic activities. Furthermore, due to lack of 
functional groups in the inert pre-synthesized carbon 
sphere, the post-loaded metal nanoparticles are normally 
non-uniform and randomly distributed onto the carbon 
spheres. Hence, the development of a general and facile 
method to employ ultrasmall and uniform metal 
nanocrystals to homogeneously distribute in carbon 
spheres, so far, is still elusive.   
Herein, we report a general coordination assisted 
method to in-situ confine various metal nanocrystals such 
as Au, Pt, Rh, Ru, Ag, Pd, Ir and their bimetallic alloy 
counterparts into nitrogen doped carbon nanospheres 
with mesoporous, hollow and yolk-shell structure 
respectively. The hydrogenation performance of these 
supported metal nanoparticles has been evaluated. In 
addition, the size, composition effect of metal 
nanocrystals and morphology effect of carbon nanosphere 
support have also been investigated.  The features of 
these carbon supported metal nanoparticles are: 1). highly 
uniform and monodispersed onto carbon nanospheres; 2). 
the smallest ligand-free metal nanoparticles reported so 
far; 3). high stability and activities toward the 
hydrogenation. 
As illustrated in Scheme 1, firstly, the mesoporous 
aminophenol and formaldehyde polymer resin 
nanospheres (MAPFNs) with uniform distributed amino 
groups were prepared via a dual surfactant template 
method according to our previous report.17 Secondly, 
monodispersed metal nanocrystales decorated nitrogen 
doped mesoporous carbon nanospheres (M decorated N-
MCNs) were produced in the assistance of coordination 
between metal ion and the amine functional groups, 
following the thermal reducing metal ions to metal 
nanoparticles via pyrolysis confinement process (scheme 
1, route a). In a “silica coating assisted” method, metal 
nanoparticles have been confined in the void and wall of 
N doped hollow mesoporous carbon nanospheres to form 
rattle type structured nanoparticles with metal cores and 
a hollow N doped carbon shell (scheme 1, route b).  
  The synthetic route of metal nanoparticles loaded 
nitrogen doped mesoporous carbon spheres was shown in 
route a (Scheme 1). Firstly, the MAPFNs were obtained via 
a dual surfactant template method as we reported. Then 
disperse them in certain metal salt solution under 
ultrasonication and then keep stirring for overnight to get 
metal ion loaded MAPFNs. The metal nanoparticles 
loaded N-MCNs were generated in situ during thermal 
treatment under 5% H2/Ar. In this process, the MAPFNs 
carbonized to N-MCNs and metal ions reduced to metal 
nanoparticles were taken place simultaneously. In 
assistance of strong coordination interaction between 
amine functional group in MAPFNs and metal ions, large 
amount of metal ion can be attached in the porous 
channel of MAPFNs. The SEM images of metal loaded N-
MCNs (Figure 1, a-d) reveal its spherical morphology with 
various metal species nanoparticles (Au, Pt, Rh, Ru) are 
successfully monodispersed deposited on the surface of 
N-MCNs. Moreover, the MAPFNs’ porous channels play a 
role to confine growth of metal nanocrystal during the 
thermal reduction, therefore the particle size of resulting 
metal nanocrytals are very tiny and uniform even after 
high temperature carbonization. From TEM images in 
Figure 1 (e-h), metal species nanoparticles (Au, Pt, Rh, Ru) 
are well located on the N-MCNs with narrow particle size 
distribution. In Au decorated N-MCN, the mean Au 
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particle size is 7.1±3 nm. In other metal decorated N-
MCNs, the mean particle size of Pt, Rh, Ru is 2.5±1.5 nm, 
2.2±0.8 nm, 2.5±1.0 nm respectively. Their corresponding 
cross-section TEM images (Figure 1, i-l) indicates Au, Pt, 
Rh, Ru nanoparticles are well confined in the N-MCNs 
porous channels in an aggregation-free manner. The EDS 
line scan spectrum of metal element (Figure 1, m-p) with 
a peak in the centre is caused by the thickness of 
hemisphere morphology. The formation of the metal0 
nanoparticle is confirmed by XRD spectrum, the typical 
peak at 2Ө of 44, 52, 76 are observed on Au decorated N-
MCNs attributed to 111, 200, 220 diffractions of face-
centered cubic (fcc) Au nanoparticles (Figure S2 a). For 
XRD spectrum of other monodispersed metallic 
nanoparticle like Pt, Rh and Ru, their major typical peaks 
are still can be observed but with a very noisy background 
because their particle sizes are rather small (Figure S2 b-
d). The lattice space of (111) diffraction peak is 2.35Å, 
which is fully agree with Au lattice fringe detected in 
HRTEM image (Figure S3, a). The Au particle size 
estimated from (111) peak by scherrer formula is around 
6.1 nm which is close to particle observed in TEM image 
(7.1 nm). But their lattice fringes are clearly observed in 
HRTEM images corresponding to their lattice space in 
major diffraction peak (figure S3, b-d). The composition 
of metal decorated N-MCNs was well studied by XPS 
(Figure S4). From survey spectrum, the metal decorated 
N-MCNs are consisted of carbon, nitrogen, oxygen and 
their featured metal species. The metal0 nanoparticle 
feature has been further confirmed by high resolution 
XPS spectrum peaks. Namely, peaks with binding energy 
of 88eV and 84eV, 75eV and 71eV, 312eV and 307eV, 483eV 
and 461eV, are assigned to Au4f7/2 and Au4f5/2, Pt4f7/2 and 
Pt4f5/2, Rh3d3/2 and Rh3d5/2, Ru3p1/2 and Ru3p3/2 
respectively. The loading amount of metal nanoparticles 
on the surface and in bulk has been well studied by XPS 
(Figure S4) and TGA (Figure S5) respectively. The metallic 
atom distribution from XPS is close to its weight 
distribution from TGA, which further confirm the metal 
nanoparticle are homogeneously distributed on the N-
MCNs, in agreement with their TEM images data. The 
particle size and loading amount of metallic nanoparticles 
has been well controlled in a concentration-dependent 
manner. In figure S5, the weight loss of TGA data is 
decreased significantly in higher concentration of metal 
salts treated metal decorated N-MCNs which illustrate 
more metallic contents are deposited in N-MCN@M 
samples. As the increase of metal salts’ concentration, 
more metal nanoparticles are exposed on the surface of 
N-MCNs has been detected from SEM images (Figure S6-
S9, a-c). The TEM images (Figure S6-S9, d-f) indicates 
more metallic nanoparticles with increased particle size 
are deposited on the N-MCN framework homogeneously 
as dispersed in high concentration metallic solution. 
From XRD data (Figure S10), the broadening diffraction 
peaks in low metallic solution treatment sample result 
from very tiny metallic particles are generated. In the N2 
sorption study (Figure S11), the mixture of type I and IV 
N2 sorption isotherm indicates its mixed microporous 
and mesoporous structure, however, the lower surface 
area compared with metal-free N-MCN is caused by metal 
nanoparticles blockage. Moreover, the loss of mesoporous 
porosity in certain high metal loading N-MCN@M sample 
is shown as high amount of confined metallic 
nanoparticles block their interconnected porous channels. 
The role of nitrogen in carbonaceous framework for metal 
loading capacity has also been studied. The TEM images 
in figure S12 illustrate metallic nanoparticle (Pt, Ru) are 
aggregated on the surface of mesoporous carbon 
nanosphere if there is no N was doped in the 
carbonaceous framework. As our MAPFNs could be a 
general platform to loading various metallic nanoparticles 
on its resulting N-MCNs. More noble metallic 
nanoparticles such as Ag, Pd, Ir species has been prepared. 
The TEM images (Figure S13, a-c) shows small metallic 
nanoparticles are well distributed on N-MCNs and their 
metal0 feature and surface loading amount has been 
determined on XPS results (Figure S13, d-f). Their XRD 
data confirm all these metallic nanoparticles are in fcc 
structure and deposited on amorphous carbon platform. 
Not only single species metallic nanoparticles can be 
located on the N-MCNs, bimetallic nanoparticles have 
also been successfully decorated on the N-MCNs. The 
images of SEM (Figure s14, a-c) and TEM (Figure s14, d-
f) show bimetallic nanoparticles homogeneously 
deposited on the surface and inside porous channel in an 
aggregation-free manner. The EDS line-scan spectrum 
(Figure 2, d-f) on the cross-section TEM samples (Figure 
2, a-c) indicate the binding capacity of bimetallic 
nanoparticles to N-MCNs: Pt>Au>Rh, which is in 
agreement with their surface loading quantity from XPS 
data (Figure s15). XRD spectrum of N-MCN@bimetal 
(Figure S14, g-i) has no clearly shift for those featured 
metal peaks compared with N-MCN@single metal 
nanoparticles, which reveal low alloy content generated 
in the bimetal decorated N-MCNs samples. This can also 
be confirmed from HRTEM images (Figure 2, g-i), 
individual metal species nanoparticles are clearly 
distinguished by lattice fringe. In figure S16, the mixture 
of type I and IV N2 sorption isotherm of N-
MCN@bimetallic nanoparticles indicate these carbon 
nanospheres can still keep their micorporous and 
mesoporous structure after bimetallic nanocystals 
decoration.  
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After we have successfully developed metal decorated 
N-MCNs with uniform metal nanoparticles distribution, 
the next objective is the synthesis of rattle type metal 
confined N-HMCN. The synthetic strategy has been given 
in route B in Scheme 1. A mesoporous silica shell was 
coated onto a core of metal ion-MAPFNs complex 
through the hydrogen bonding between the amine groups 
of MAPFNs and the hydroxyl groups of silica. In the 
carbonization process, the core of metal ion-MAPFNs was 
then decomposed to hollow sphere to form metal 
confined N-HMCN @ meso-SiO2 core shell structure. The 
images of TEM in figure S17 (a-d) show 15nm 
mesoporous silica layer was coated on the outside of N-
HMCN. In figure S17 e, the type IV N2 sorption isotherm 
with H4 hysteresis loop indicate the metal ion-MAPFNs 
convert to hollow structure and their pore size 
distribution confirm the ordered mesoporous silica shell 
well coated on metal confined N-HMCN nanosphere with 
ordered pore size at 2.2 nm. The silica is then etched by 
HF to produce the final rattle type metal confined N-
MHCNs. Because the noble metal nanoparticles are 
obtained from thermal reduction of coordinated metal 
ions, this synthetic method can be easily applicable to 
various metal species such as Au, Pt, Rh, Ru (Figure S18). 
Due to the unique mesoporous structure and amine 
functionality of MAPFNs, the metal ions have been 
uniformly entrapped in the mesopoorus structure 
through coordination binding between metal ions and 
amine functionality. The interior of MAPFNs are 
decompose to hollow void in the carbonization process, 
therefore the entrapped metal ions inside have been 
reduced to metal nanoparticles in high temperature and 
confined on the inner wall. From SEM images (Figure 3, 
a-c), only rattle type Au confined N-MHCN and rattle 
type Pt confined N-MHCN sample have few metal 
nanoparticles on the surface, it is very difficult to find 
exposed metal nanoparticles on rattle type Rh confined 
N-MHCN and Ru confined N-MHCN sample. This result 
is in agreement with their XPS survey spectrum (Figure 
S19), only rattle type Au confined N-MHCN and rattle 
type Pt confined N-MHCN sample have very low metal 
content on the survey spectrum, the rattle type Rh 
confined N-MHCN and Ru confined N-MHCN sample 
was not shown featured metal peak. However, The TEM 
images indicate all these rattle type metal confined N-
MHCN nanosphere have multiple metal nanoparticles 
cores are confined in the hollow space. This is resulted 
from most metal nanoparticles on the surface are lost by 
HF etching process via ion exchange but metal 
nanoparticles inside the void are well protected by the N 
doped mesoporous carbon shell. This can be further 
confirmed by concave shape of EDS line-scan metal 
spectrum in figure 3 (i-l). In route B (Scheme 1), low 
concentration metal salt was used because high metallic 
nanoparticle loading will block certain porous channel 
therefore the MAPFNs are difficult to fully decompose to 
N-HMCNs with defined hollow space (Figure S20). The 
shell thickness of metal confined N-HMCNs is around 
25nm and their mean particle size of Au, Pt, Rh, Ru is 
5.4nm, 2.0nm, 1.8nm, 2.2nm respectively. Their typical IV 
sorption curves with a H4 hysteresis loop in their 
isotherms Figure 3(m) indicated the formation of 
mesoporous rattle type structured nanoparticles via this 
“silica coating assisted” strategy. 
This silica coating assisted method have also achieved 
to confine bimetallic nanoparticles as cores in the void of 
N-doped mesoporous carbon shell to form rattle type 
bimetallic cores confind N-doped hollow mesoporous 
carbon nanoparticles. From SEM images (Figure S21, a-c) 
show it is rarely seen metallic nanoparticles are exposed 
on the surface of N-doped carbon walls while from HR 
SEM images of broken sphere (Figure 4, a-c) indicate 
metallic nanoparticles are well confined in the void of N-
HMCNs, which is in agreed with their XPS analysis 
(Figure S22) showing extremely low metallic content 
exposed on the carbon surface. TEM images of rattle type 
bimetallic cores confined N-HMCNs reveal the particle 
size are pretty uniform in diameter of 160 nm with 20nm 
mesoporous N-doped carbon shell (Figure S21, d-f). Their 
HR TEM images (Figure 4, d-f) show multiple bimetallic 
cores are homogeniously distributed in the void of N-
HMCNs and their identical EDS spectrum (Figure 4, g-i) 
imply the bimetallic cores have high alloyed degree. 
Compared with XRD spectrum in bimetal decorated N-
MCNs, the peak position of rattle type bimetallic cores 
confined N-HMCNs (Figure 21, g-i) shift to higher angles, 
indicating the bimetallic nanoparticles form an alloy 
phase with a concomitant lattice contraction. Their N2 
sorption isotherms (Figure 4, j) reveal a mixture of type I 
and type IV with H4 hysteresis loop indicate rattle type 
structured nanospheres with abundant micropores and 
mesopores. The BET surface area of rattle type N-
HMCN@PtAu, N-HMCN@AuRh, N-HMCN@PtRh is 565, 
479 and 585 m2/g respectively. 
Yolk shell structured carbon nanoparticles with unique 
core-void-shell structure are perfect platforms for 
confined nanocatalysts. In our study, we can selectively 
deposite different species metal nanoparticles in the core 
and shell respectively. Firstly, we coat aminophenol 
formaldehyde resin shell on metal ion-MAPFN @ silica 
core shell nanoparticle to form metal ion-MAPFN @ silica 
@ APF core-shell-shell structure. The metal nanoparticles 
were generated from thermal reduction in the 
carbonization process. After HF etching process, the 
sacrificial mesoporous silica layer could be removed to 
form the resulting yolk shell structure. From SEM images 
figure 5 (a-c), the broken yolk shell sphere shows 
confined mesoporous carbon core with metal 
nanoparticle on the surface. TEM images figure 5 (d-f) 
indicate metal nanocatalysts uniformly distributed on the 
mesoporous carbon core and shell, The EDS line-scan 
figure 5 (g-i) further confirm the metal catalysts are 
different metal species because the core elements are only 
rich in core area but the shell elements have stronger 
intersity and longer spectrum in the whole naoparticle. 
The mixture of type I and IV N2 sorption isotherm 
(Figure S23, a) with H4 hysteresis loop and their 
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hierarchical pore size distribution from BJH pore size 
distribution curves (Figure S23, b) illustrate their yolk 
shell structure designed as a hollow void in between the 
microporous carbon shell and mesoporous carbon shell.   
Catalytic activity was evaluated for hydrogenation of 
benzaldehyde by a high-pressure reactor using water as 
the solvent. The scheme of benzaldehyde hydrogenation 
is shown in Figure S24. Hydrogenation of benzaldehyde 
can generate benzyl alcohol, toluene, benzene and other 
byproducts. Catalytic hydrogenolysis with the formation 
of toluene and benzene is promoted. It has been proposed 
that benzene is formed directly from benzaldehyde while 
toluene can result from the subsequent conversion of the 
alcohol and hydrogenolysis of benzaldehyde 18. 
The hydrogenation performance of benaldehyde in 
room temperature was tested. From figure 6a, the 
conversion of benzaldehyde was achieved above 25% and 
69% in 60 min and 360 min over NC@Pt 2 mM and 18% 
and 68% in 60 min and 360 min over NC@Pt 10mM, but 
NC@Pt 2 mM has a slightly higher conversion than 
NC@Pt 10mM. The conversion of benzaldehyde over HNC 
@Pt 2 mM was 24% and 60% in 60 min and 360 min, 
which is slightly lower than the previous two catalysts. 
The NC@Au 2 mM and NC@Au 10 mM catalysts have 
slightly higher conversion than the Pt containing 
catalysts, which both was around 30% and 17% in 60 min 
and 73% and 79% in 360 min, respectively. The NC@PtAu 
catalyst achieved 13% and 53% conversion in 60 min and 
360 min, respectively. The order of the activity of the 
catalyst is NC@Au 10 mM > NC@Au 2 mM > NC@Pt 2 
mM >NC@Pt 10Mm> HNC @Au 2 mM>HNC @Pt 2 mM 
>NC@PtAu. All the catalysts have 100% selectivity to 
toluene. 
The hydrogenation performance of benaldehyde in high 
temperature (353k) was also tested. From figure 6b, the 
conversion of benzaldehyde was achieved above 70% in 
just 5 min and 100% in 60 min over N-MCN@Pt 2 mM 
and N-MCN@Pt 10 mM, but N-MCN@Pt 2 mM has a 
slightly higher conversion than N-MCN@Pt 10 mM. The 
conversion of benzaldehyde over N-HMCN@Pt 2 mM and 
N-HMCN@Au 2 mM was 99.3% and 96.5% in 60 min, 
respectively, which slightly lower than the previous two 
catalysts. The N-MCN@PtAu 10mM catalyst achieved 85% 
and 99% conversion in 60 min and 80 min, respectively. 
The N-MCN@Au 2 mM and N-MCN@Au 10 mM catalysts 
have much lower conversion than the Pt containing 
catalysts, which was only 26.11% and 25.99% in 60 min, 
respectively. The conversion of benzaldehyde on these 
two Au containing catalysts achieved 88% and 74% after 
210 min.  The order of the activity of the catalyst is N-
MCN@Pt 2 mM > N-MCN@Pt 10 Mm > N-HMCN@Pt 2 
mM > N-HMCN@Au 2 mM > N-MCN@PtAu 10mM > N-
MCN@Au 2 mM > N-MCN@Au 10 mM.   
    The turnover frequency number (TOF) of the catalysts 
characterizes their level of activity summarized into 
Table S2. The TOF is the total number of moles 
transformed into the desired product by one mole of 
active site per hour. The order of the activity based on 
TOF of the catalysts in the room temperature reaction is 
NC@Au 2 mM > NC@Au 10 mM > HNC @Au 2 mM > 
NC@Pt 2 mM > HNC @Pt 2 mM >NC@Pt 10 mM > 
NC@AuPt 10 mM. However, The order of the activity 
based on TOF of the catalysts in the high temperature 
(353k) reaction is NC@Pt 10Mm > NC@Pt 2 mM > HNC 
@Pt 2 mM > HNC @Au 2 mM > NC@AuPt 10mM > 
NC@Au 2 mM>NC@Au 10 mM. 
Hydrogenation of benzaldehyde only generated two 
products, benzyl alcohol and toluene in this study shown 
in figure 6c. Toluene was the major product resulting 
from reaction over N-MCN@Pt 2 mM, N-MCN@Pt 10 
mM, and N-HMCN@Au 2 mM with a low selectivity 
(around 5-20%) to benzyl alcohol while N-MCN@Au 2 
mM and N-MCN@Au 10 mM had 100% selectivity to 
toluene. The N-HMCN@Au 2 mM and N-MCN@PtAu 
10mM catalysts generated around 40% toluene and 60% 
benzyl alcohol. Toluene production from benzaldehyde is 
favored by a strong interaction between the carbonyl 
oxygen and the surface with hydrogenolytic cleavage of 
C=O by dissociated hydrogen (Figure S24)18. 
Transformation of benzyl alcohol to toluene has been 
proposed to proceed via adsorption/activation on the 
support and reaction with hydrogen from the metal site18. 
The possibility consists in the loss of the catalyst activity 
due to toluene strongly adsorbed to the catalyst surface19.   
In conclusion, we develop a general method to decorate 
diverse noble metal nanoparticles on nitrogen doped 
mesoporous carbon nanospheres (N-MCNs) and confine 
various noble metal nanoparticles in the void of nitrogen 
doped hollow mesoporous nanospheres (N-HMCNs). 
More importantly, this method has been achieved to 
employ bimetallic nanoparticles to decorate on N-MCNs, 
confined in the N-HMCNs or selectively deposite on yolk-
shell structured nitrogen doped carbon nanospheres. All 
the nanostructure morphology, porosity and their alloy 
degree have been intelligently controlled. All these metal 
decorated N-doped carbon Nanoparticles show a 
excellent performance as nanoreactors for catalytic 
reaction.
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Figure 1: a-d) SEM images of N-MCN@Au, N-MCN@Pt, N-
MCN@Rh and N-MCN@Ru respectively. e-h) TEM images N-
MCN@Au, N-MCN@Pt, N-MCN@Rh and N-MCN@Ru, 
repectively, with inserted metal particle size distribution. i-l) 
cross-section TEM images of N-MCN@Au, N-MCN@Pt, N-
MCN@Rh and N-MCN@Ru, respectively m-p) EDS spectra of 
N-MCN@Au, N-MCN@Pt, N-MCN@Rh and N-MCN@Ru, 
respectively. 
 
Figure 2: a), b), c) cross-section TEM images of N-
MCN@AuPt, N-MCN@AuRh, N-MCN@PtRh, respectively; 
d), e), f) EDS spectra of  N-MCN@AuPt, N-MCN@AuRh, N-
MCN@PtRh, respectively; g), h), i) HRTEM images N-
MCN@AuPt, N-MCN@AuRh, N-MCN@PtRh, repectively. 
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Figure 3: a), e), i) SEM, TEM and EDS spectra of N-
HMCN@Pt; b), f), j) SEM, TEM and EDS spectra of N-
HMCN@Au; c), g), k) SEM, TEM and EDS spectra of N-
HMCN@Rh; d), h), l) SEM, TEM and EDS spectra of N-
HMCN@Ru; i) N2 sorption isotherms of N-HMCN@Pt, N-
HMCN@Au, N-HMCN@Rh and N-HMCN@Rh, respectively.    
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Figure 4 a-c) HRSEM images of N-HMCN@AuPt, N-
HMCN@AuRh, N-HMCN@PtRh respectively. d-f) HRTEM 
images of N-HMCN@AuPt, N-HMCN@AuRh, N-
HMCN@PtRh respectively. g-i) EDS spectrum of images of 
N-HMCN@AuPt, N-HMCN@AuRh, N-HMCN@PtRh 
respectively. j) N2 sorption isotherms of images of N-
HMCN@AuPt, N-HMCN@AuRh, N-HMCN@PtRh 
respectively. 
 
Figure 5: a), d), g) SEM, TEM and EDS spectra of yolk shell 
NC@Au@NC@Pt; b), e), h) SEM, TEM and EDS spectra of 
yolk shell NC@Au@NC@Rh; c), f), i) SEM, TEM and EDS 
spectra of yolk shell NC@Pt@NC@Rh.   
b ca
 
Figure 6: a) The conversion of benzaldehyde to benzyl 
alcohol and toluene. Reaction conditions: 0.05M of 
benzaldehyde, 6 mL of water, substrate/metal = 35, 3 MPa of 
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hydrogen and room temperature. b) The conversion of 
benzaldehyde to benzyl alcohol and toluene. Reaction 
conditions: 0.05M of benzaldehyde, 6 mL of water, 
substrate/metal = 35, 3 MPa of hydrogen and 353 K. c), The 
selectivity to benzyl alcohol and toluene production at 70% 
conversion. Reaction conditions: 0.05M of benzaldehyde, 6 
mL of water, substrate/metal = 35, 3 MPa of hydrogen and 
353 K.  
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Scheme 1: scheme illustration for metal loaded N doped 
carbon nanosphere. Route A: metal confined mesoporous 
N doped carbon nanosphere; Route B: rattle-type metal 
nanoparticle confined N doped mesoporous hollow 
carbon nanosphere. 
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Section S1. Chemicals and reagents 
Chemicals: Hexadecyltrimethylammonium bromide (CTAB, 99%), Pluronic F127, tetraethylorthosilicate 
(TEOS, 99%), resorcinol (99%), 3-aminophenol (98%), ammonium hydroxide solution (25%), 
formaldehyde aqueous solution (37%) and all metal salts (K2PtCl6, AuCl3, RhCl3, RuCl3, AgNO3, PdNo3 
and IrCl3) were purchased from Sigma-Aldrich company. Water was purified by a Milli Q system and 
had an electrical resistance of 18 MΩ•cm. 
Section S2. Characterization 
Transmission electron microscopy (TEM) measurements were conducted on a JEM-2100F microscope 
(JEOL, Japan) operated at 200 kV. The samples for TEM measurement were suspended in ethanol and 
supported onto a holey carbon film on a Cu grid. Scanning electron microscopy (SEM) was taken with a 
JEOL-7800F field emission electron microscopy. The N2-sorption experiments were performed at 77 K 
on a Micromeritics Tristar 3000 system with micropore analysis. Prior to the measurement, the samples 
were out-gassed at 120 °C for at least 6 h. The Brunauer–Emmett–Teller (BET) specific surface areas 
were calculated using adsorption data at a relative pressure range of P/P0 = 0.05–0.25. The total pore 
volumes were estimated from the amount of nitrogen adsorbed at a relative pressure (P/P0) of 0.99. 
XPS Data was acquired using a Kratos Axis ULTRA X-ray Photoelectron Spectrometer, their atomic 
concentrations were calculated using the CasaXPS version 2.3.14 software and a Shirley baseline with 
Kratos library Relative Sensitivity Factors (RSFs). Peak fitting of the high-resolution data was also 
carried out using the CasaXPS software. 
Section S3. Synthesis procedures 
N-MCN@Metal nanospheres: 100mg as-synthesized (mesoporous aminophenol formaldehyde 
nanospheres) MAPFNs were prepared as reported before1 and mixed with 10ml xmM metal salt solution 
(K2PtCl6, AuCl3, RhCl3, RuCl3, AgNO3, PdNo3 and IrCl3) under ultrasoniation for 10 mins and keep 
stirring for 24hs. After that, the product APF@metal nanospheres were obtained by centrifuge and dried 
in room temperature vacuum oven overnight. In order to obtain N-MCN@metal nanospheres, 
APF@metal nanospheres were calcinated under (5%H2) N2 flow in the tube furnace using a heating rate 
of 1°C/min up to 350 °C, dwell for 2 h, and resuming heating rate at 1 °C /min up to 700 °C and dwell for 
4h. According to the concentration of metal salts, the final products were denoted as N-MCN@Metal-x. 
N-HMCN@Metal nanospheres: 100mg as-synthesized (mesoporous aminophenol formaldehyde 
nanospheres) MAPFNs were prepared as reported before1 and mixed with 10ml 2mM metal salt solution 
(K2PtCl6, AuCl3, RhCl3, RuCl3) under ultrasoniation for 10 mins and keep stirring for 24hs. Then mix 
above solution with 75mg CTAB, 15ml water, 15ml ethanol and 250μL ammonium solution. After 30 
mins, 200μL TEOS was added and keep stirring for another 6 hours. After that, the product 
APF@metal@silica nanospheres were obtained by centrifuge and dried in room temperature vacuum 
oven overnight. In order to obtain N-HMCN@metal@silica nanospheres, APF@metal@silica 
nanospheres were calcinated under (5%H2) N2 flow in the tube furnace using a heating rate of 1°C/min 
up to 350 °C, dwell for 2 h, and resuming heating rate at 1 °C /min up to 700 °C and dwell for 4h. The 
resulting N-HMCN@metal nanospheres were obtained once after silica was removed in HF solution. 
Section S4. Hydrogenation evaluation. 
The catalysts were pretreated under H2 with a flow rate of 40 -50 mL/min for 1h at 673 K. 
Hydrogenation of benzaldehyde was carried out in an aqueous phase in a stainless-steel autoclave with 
a magnetic stirrer. The autoclave was filled with the reaction mixture consisting of a substrate (0.05M, 
benzaldehyde), water (6 mL) and catalyst (4-30 mg, corresponding to 1.7 mg metal, substrate/metal = 
35). The autoclave was pressurized with hydrogen (3 MPa) and heated to the required reaction 
temperature (room temperature or 353 K). The autoclave was cooled down if the reaction temperature 
 - 100 - 
 
is 353 K and the sample was collected and filtered through a syringe filter. The samples of the reaction 
mixture were analyzed on a gas chromatograph GC-2010 Plus (Shimadzu) with the flame-ionization 
detector and Rtx-5 column (30m*0.32mm*0.3µm). The reaction intermediates were determined by a 
GC-MS-QP2010 Ultra (Shimadzu) equipped with a VF-WAXMS column (30m×0.25mm×0.25 µm).  
% 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 =  𝑀𝑀𝐶𝐶𝑀𝑀𝐶𝐶𝐶𝐶 𝐶𝐶𝑜𝑜 𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝐶𝐶𝑟𝑟 𝑟𝑟𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑟𝑟𝐶𝐶𝑐𝑐
𝑀𝑀𝐶𝐶𝑀𝑀𝐶𝐶𝐶𝐶 𝐶𝐶𝑜𝑜 𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝐶𝐶𝑟𝑟 𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝑀𝑀𝐶𝐶𝐶𝐶𝑐𝑐  × 100 
 % 𝑆𝑆𝐶𝐶𝑀𝑀𝐶𝐶𝑟𝑟𝑟𝑟𝐶𝐶𝐶𝐶𝐶𝐶𝑟𝑟𝑆𝑆 =  𝑀𝑀𝐶𝐶𝑀𝑀𝐶𝐶𝐶𝐶 𝐶𝐶𝑜𝑜 𝑐𝑐𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑐𝑐 𝑠𝑠𝐶𝐶𝐶𝐶𝑐𝑐𝑠𝑠𝑟𝑟𝑟𝑟 𝑜𝑜𝐶𝐶𝐶𝐶𝑓𝑓𝐶𝐶𝑐𝑐
𝑀𝑀𝐶𝐶𝑀𝑀𝐶𝐶𝐶𝐶 𝐶𝐶𝑜𝑜 𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝐶𝐶𝑟𝑟 𝑟𝑟𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑟𝑟𝐶𝐶𝑐𝑐  × 100 
 
Turnover frequency (TOF, h-1) = 𝑓𝑓𝐶𝐶𝑀𝑀𝐶𝐶𝐶𝐶  𝐶𝐶𝑜𝑜  𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝐶𝐶𝑟𝑟  𝑟𝑟𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑟𝑟𝐶𝐶𝑐𝑐  (𝑓𝑓𝐶𝐶𝑀𝑀 )
𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟𝐶𝐶𝐶𝐶𝐶𝐶  𝑟𝑟𝐶𝐶𝑓𝑓𝐶𝐶  (ℎ)×𝑓𝑓𝐶𝐶𝑀𝑀𝐶𝐶𝐶𝐶  𝐶𝐶𝑜𝑜  𝑓𝑓𝐶𝐶𝑟𝑟𝑟𝑟𝑀𝑀  𝑟𝑟𝑟𝑟𝑟𝑟𝐶𝐶𝐶𝐶𝐶𝐶  𝐶𝐶𝐶𝐶𝑟𝑟𝐶𝐶𝐶𝐶  
 
Moles of metal active sites=  𝑓𝑓𝐶𝐶𝑟𝑟𝑟𝑟𝑀𝑀  𝑤𝑤𝐶𝐶𝐶𝐶𝑤𝑤 ℎ𝑟𝑟 𝑜𝑜𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟𝐶𝐶𝐶𝐶𝐶𝐶 ×𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑀𝑀𝑆𝑆𝐶𝐶𝑟𝑟  𝑓𝑓𝑟𝑟𝐶𝐶𝐶𝐶  𝑠𝑠𝐶𝐶𝐶𝐶𝑐𝑐 ×𝑐𝑐𝐶𝐶𝐶𝐶𝑠𝑠𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶  
𝑓𝑓𝐶𝐶𝑀𝑀𝐶𝐶𝑟𝑟𝑠𝑠𝑀𝑀𝑟𝑟𝐶𝐶  𝑤𝑤𝐶𝐶𝐶𝐶𝑤𝑤 ℎ𝑟𝑟  
Reference: 
1. T. Yang, J. Liu, R. Zhou, Z. Chen, H. Xu, S. Z. Qiao and M. J. Monteiro, Journal of Materials Chemistry A, 
2014, 2, 18139-18146. 
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Figure S1 STEM image of N-MCN@Pt nanospheres and their corresponding EELS mapping analysis. 
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Figure S2 XRD spectrum of N-MCN@Au, N-MCN@Pt, N-MCN@Rh and N-MCN@Ru nanospheres. 
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Figure S3: a, b, c, d) HRTEM images of Au, Pt, Rh, Ru nanoparticles deposited on N-MCNs.  
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Figure S4 a, b, c, d) XPS spectrum of  N-MCN@Au, N-MCN@Pt, N-MCN@Rh and N-MCN@Ru nanospheres. 
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Figure S5 a, b, c, d) TGA curves of N-MCN@Pt, N-MCN@Au, N-MCN@Rh and N-MCN@Ru nanospheres 
respectively 
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Figure S6 a, b, c) SEM images of N-MCN@Pt nanosphere dispersed in 5mM, 10mM and 25mM K2PtCl6•6H2O 
solution. d, e, f) HRTEM images of N-MCN@Pt nanosphere dispersed in 5mM, 10mM and 25mM K2PtCl6•6H2O 
solution. 
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Figure S7 a, b, c) SEM images of N-MCN@Au nanosphere dispersed in 5mM, 10mM and 25mM HAuCl4•3H2O 
solution. d, e, f) HRTEM images of N-MCN@Au nanosphere dispersed in 5mM, 10mM and 25mM HAuCl4•3H2O 
solution. 
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Figure S8 a, b, c) SEM images of N-MCN@Ru nanosphere dispersed in 5mM, 10mM and 25mM RhCl3 solution. d, e, 
f) HRTEM images of N-MCN@Ru nanosphere dispersed in 5mM, 10mM and 25mM RhCl3 solution. 
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Figure S9 a, b, c) SEM images of N-MCN@Ru nanosphere dispersed in 5mM, 10mM and 25mM RuCl3 solution. d, e, 
f) HRTEM images of N-MCN@Ru nanosphere dispersed in 5mM, 10mM and 25mM RuCl3 solution. 
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Figure S10 a, b, c, d) XRD spectrum of N-MCN@Pt, N-MCN@Au, N-MCN@Rh and N-MCN@Ru nanospheres 
respectively 
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Figure S11 a, b, c, d) N2 sorption isotherm of N-MCN@Pt, N-MCN@Au, N-MCN@Rh and N-MCN@Ru in different 
metal loading concentrations respectively. 
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Figure S12 a, b) TEM images and HRTEM images of MCN@Pt; c, d) TEM images and HRTEM images of 
MCN@Ru; 
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Figure S13 a, b, c) TEM images of N-MCN@Ag, N-MCN@Pd and N-MCN@Ir respectively. d, e, f) XPS survey 
spectrum and inserted high resolution featured metal spectrum of N-MCN@Ag, N-MCN@Pd and N-MCN@Ir 
respectively. g, h, i) XRD spectrum of N-MCN@Ag, N-MCN@Pd and N-MCN@Ir respectively. 
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Figure S14 a, b, c) SEM images of N-MCN@AuPt, N-MCN@AuRh and N-MCN@PtRh respectively. d, e, f) TEM 
images of N-MCN@AuPt, N-MCN@AuRh and N-MCN@PtRh respectively. g, h, i) XRD spectrum of N-MCN@AuPt, 
N-MCN@AuRh and N-MCN@PtRh respectively. 
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Figure S15: XPS of N-MCN@bimetallic nanoparitlces. a) N-MCN@AuPt, b) N-MCN@AuRh, c) N-
MCN@PtRh. 
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Figure S16: N2 sorption isotherm of N-MCN@bimetallic nanoparitlces. a) N-MCN@AuPt, b) N-
MCN@AuRh, c) N-MCN@PtRh. 
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 Figure S17 a, b, c, d) TEM images of N-MHCN@Pt@meso-SiO2, N-MHCN@Au@meso-SiO2, N-
MHCN@Rh@meso-SiO2, N-MHCN@Ru@meso-SiO2 core shell nanosphere. e) N2 sorption isotherm of N-
MHCN@Pt@meso-SiO2, N-MHCN@Au@meso-SiO2, N-MHCN@Rh@meso-SiO2, N-MHCN@Ru@meso-SiO2 core 
shell nanosphere. f) pore size distribution of N-MHCN@Pt@meso-SiO2, N-MHCN@Au@meso-SiO2, N-
MHCN@Rh@meso-SiO2, N-MHCN@Ru@meso-SiO2 core shell nanosphere. 
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 Figure S18 a, b, c, d) TEM images of rattle type N-MCN@Pt, rattle type N-MCN @Au, rattle type N-MCN 
@Rh, rattle type N-MCN @Ru respectively. e, f, g, h) XRD spectrum of rattle type N-MCN @Pt, rattle type N-MCN 
@Au, rattle type N-MCN @Rh and rattle type N-MCN @Ru respectively. 
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Figure S19 a, b, c, d) XPS survey spectrum of rattle type N-MCN @Pt, rattle type N-MCN @Au, rattle type N-MCN 
@Rh and rattle type N-MCN @Ru respectively. 
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Figure S20 a, b) TEM and HRTEM images of pseudo N-MHCN@Au nanosphere; c, d) TEM and HRTEM images of 
pseudo N-MHCN@Pt nanosphere; e, f) a, b) TEM and HRTEM images of pseudo N-MHCN@Rh nanosphere; g, h) 
TEM and HRTEM images of pseudo N-MHCN@Ru nanosphere. i) N2 sorption isotherm of pseudo N-MHCN@Au 
nanosphere, pseudo N-MHCN@Pt nanosphere, pseudo N-MHCN@Rh nanosphere, pseudo N-MHCN@Ru 
nanosphere respectively. 
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Figure S21 a-c) SEM images of rattle type N-HMCN@PtAu, N-HMCN@AuRh, N-HMCN@PtRh respectively. d-f) 
TEM images of rattle type N-HMCN@PtAu, N-HMCN@AuRh, N-HMCN@PtRh respectively. g-i) XRD spectrum of 
rattle type N-HMCN@PtAu, N-HMCN@AuRh, N-HMCN@PtRh respectively. 
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Figure S22: XPS of rattle type bimetallic cores confined N-HMCNs. a) rattle type N-HMCN@AuPt, b) 
rattle type N-HMCN@AuRh, c) rattle type N-HMCN@PtRh. 
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Figure S23 a) N2 sorption isotherm of yolk shell structured N-MCN@Au@N-MCN@Rh nanospheres, yolk shell 
structured N-MCN@Pt@N-MCN@Rh nanospheres and yolk shell structured N-MCN@Au@N-MCN@Pt 
nanospheres. b) pore size distribution of yolk shell structured N-MCN@Au@N-MCN@Rh nanospheres, yolk shell 
structured N-MCN@Pt@N-MCN@Rh nanospheres and yolk shell structured N-MCN@Au@N-MCN@Pt 
nanospheres. 
 
Fig. S24. Reaction scheme of benzaldehyde hydrogenation.  
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Table S1  physical and chemical parameters for metal loaded carbon nanospheresa 
Sample Metal particle size (nm) 
BET surface 
area (m2/g) 
Pore volume 
(cm3/g) Alloy degree 
NC@Au 2mM 6.0 388 0.26 No 
NC@Au 5mM 5.8 297 0.17 No 
NC@Au 10mM 7.1 308 0.21 No 
NC@Au 25mM 6.1 192  No 
NC@Pt 2mM 1.7 446 0.31 No 
NC@Pt 5mM 1.6 344 0.21 No 
NC@Pt 10mM 2.4 234 0.16 No 
NC@Pt 25mM 2.3 25 0.03 No 
NC@Rh 2mM  414 0.25 No 
NC@Rh 5mM 1.8 432 0.26 No 
NC@Rh 10mM 2.1 334 0.25 No 
NC@Rh 25mM 2.2 348 0.21 No 
NC@Ru 2mM  390 0.26  
NC@Ru 5mM 1.3 296 0.2 No 
NC@Ru 10mM 2.2 328 0.28 No 
NC@Ru 25mM 3.3 30 0.1 No 
YS HNC@Au 
2mM 5.6 591 0.59 No 
YS HNC@Pt 
2mM 2.0 588 0.61 No 
YS HNC@Rh 
2mM 2.3 686 0.70 No 
YS HNC@Ru 
2mM 2.4 670 0.71 No 
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NC@AuPt 5mM  253 0.18 low 
NC@AuRh 
5mM  307 0.23 low 
NC@PtRh 5mM  282 0.21 low 
YS HNC@AuPt 
2mM  575 0.64 High 
YS HNC@AuRh 
2mM  479 0.52 High 
YS HNC@PtRh 
2mM  586 0.72 High 
a: Particles sizes was obtained from TEM image and calculated by nanomeasure software 
with at least 50 metal dots. specific surface area and pore volume were obtained from BET 
model and single point pore volume calculated in P/P0=0.99 in the N2 sorption isotherm. 
Alloy degree were confirmed by EDS spectrum, XPS and XRD data. 
 
Table S2: The TOF of the catalysts in hydrogenation reaction 
samples Dispersion (%) TOF (h
-1) in room 
temperature TOF (h
-1) in 353k 
NC@Pt 2mM 70 334 17611 
NC@Pt 10mM 48 289 17880 
HNC@Pt 2mM 57 301 4661 
NC@Au 2mM 20 1435 2185 
NC@Au 10mM 17 1039 1267 
HNC@Au 2mM 22 821 2870 
NC@AuPt 10mM 25 288 2498 
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Chapter 6 
             Hierarchical porous yolk-shell 
structured carbon nanoparticles 
Introduction 
This chapter was published in Chemical Communications, 2014, Accepted Manuscript, 
DOI: 10.1039/C4CC09366F. In this study, we have successfully prepared yolk-shell 
structured carbon nanospheres (YSCNs) with ordered mesoporous carbon yolk and 
ultra-microporous carbon shell. The pore size on the shell can be tailored from a 
micropore scale (0.6 nm) to a large mesopore scale (~40 nm). The hollow space can be 
varied by turnning the silica layer coating thickness. Yolk-shell structured carbon 
spheres with graphitic carbon or N-doped carbon shell have been also designed by 
controlling the synthesis condition. These yolk-shell structured carbon nanospheres 
have excellent performances as supercapacitors due to their combined hierarchical 
porous structures. 
YSCNs
N-YSCNs
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Hierarchical mesoporous yolk–shell structured
carbonaceous nanospheres for high performance
electrochemical capacitive energy storage†
Tianyu Yang,a Ruifeng Zhou,ab Da-Wei Wang,c San Ping Jiang,d Yusuke Yamauchi,e
Shi Zhang Qiao,*b Michael J. Monteiro*a and Jian Liu*ad
Hierarchical mesoporous yolk–shell structured carbon nanospheres
(YSCNs) with an ordered mesoporous carbon core and a microporous
carbon shell show excellent electrochemical performance with a
maximal specific capacitance of 159 F g1.
Electrochemical capacitors (ECs) (supercapacitors) are some of
the energy storage devices that have been widely used in the
development of hybrid vehicles.1,2 Carbon materials with hierar-
chical porous structures were reported as the typical electrodes
for improving the supercapacitor performance. For instance, the
micropores (o2 nm) can accommodate charge and strengthen
capacitance, mesopores (2–50 nm) favour ion transport, and
macropores (450 nm) allow ion-buffering.3 Until now, great
efforts have been devoted to synthesising hierarchical porous
carbons; however, in most cases, the pore size is randomly
distributed in the bulk material.4,5 It is a still a challenge to
synthesise hierarchical porous carbon with different pore sizes in
a controlled sequence. This hierarchical structure will provide an
opportunity to understand the role of different scaled pores and
guide in the design of high rate devices. The recent development
of yolk–shell structures provides an ideal synthetic strategy to
produce such hierarchical porous carbon.6–9 To the best of our
knowledge, there have been no reports on the hierarchical porous
yolk–shell structured carbon spheres, in particular, with a meso-
porous carbon core and a microporous carbon shell.
In the last ten years, the nanoporous carbonaceous spheres
with diverse nanostructured morphologies, such as solid, hollow,
core–shell, yolk–shell, have attracted great interest for promising
applications in therapeutic delivery carriers, nanoreactors and
energy conversion or storage.6–14 Recently, we have successfully
synthesised various carbon spheres with different particle sizes,
pore sizes, and structures.15–19 Moreover, hollow structured
N-doped carbon nanocapsules with a mesoporous carbon shell
and a macroporous void were prepared via an outer silica
assisted method.20 The versatile Sto¨ber method for coating
various carbon spheres along with our well established carbon
spheres library15–19 allowed us to design and synthesise yolk–shell
carbon nanospheres (YSCNs) with a unique core@void@shell
structure, namely, hierarchical porous structure with a combination
of micropores, mesopores and macropores with a controlled
sequence in one single particle.
Herein, we report a versatile Sto¨ber coating method to
synthesise YSCNs (in Route 1) and nitrogen doped yolk–shell
structured carbon nanospheres (N-YSCNs, in Route 2). As shown
in Scheme 1 (Route 1), the as-synthesised mesoporous resorcinol
formaldehyde (RF) resin nanospheres were prepared by a dual
surfactant soft template method as previously reported with a
slightly modification.16 A mesoporous silica layer was then
coated on the surface of as-synthesised RF nanospheres to form
RF@SiO2 core–shell nanospheres. During pyrolysis under an
inert gas, the as-synthesised RF nanospheres formed carbon
particles through dehydrogenation and aromatisation of the
carbonisation process. The morphology transition took place
with the assistance of hydrogen bonding between the RF surface
and the silica layer. After HF etching to remove the silica layer,
the mesoporous carbon core@porous carbon shell YSCNs with a
tailorable pore size on the shell were generated. In order to
selectively dope the heteroatom nitrogen on the carbon shell of
YSCN to form nitrogen doped yolk–shell carbon nanospheres
(N-YSCNs), an aminophenol formaldehyde polymer layer was
alternatively coated on the surface of as-synthesised RF resin
nanospheres. After silica coating, carbonisation and HF etching,
the desired N-YSCNs with a nitrogen doped carbon shell can be
generated as shown in Scheme 1 (Route 2). In particular, we
demonstrate that both the pore size on the shell and void space
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between the core and the shell can all be well controlled by
precise tuning of the synthesis parameters. To demonstrate the
benefits of such hierarchical structures in energy storage, super-
capacitor performance was then evaluated by using these yolk–
shell structured carbons as electrodes.
As described in the experimental section, the resulting
YSCNs were denoted as YSCN-a-b. The TEM image of YSCN-
200-700 (Fig. 1a) shows a very uniform yolk–shell particle with a
size of 190 nm, a shell thickness of 21 nm, and a yolk size of
60 nm diameter. Interestingly, the yolk of YSCN-200-700 has an
ordered 2D hexagonal mesoporous structure with a pore size of
8.2 nm (Fig. 1b). The yolk–shell morphology has a smooth surface
further confirmed by SEM (Fig. 1c and d). The N2 sorption
isotherm shows a mixture of I and IV type with a steep H3
hysteresis loop, revealing a hierarchical porous structure with
combined microporous, mesoporous and macroporous structure
(Fig. 1e). The YSCN-200-700 has a very high BET surface area
(1068 m2 g1) with large pore volume (0.97 cm3 g1) as shown in
Table 1, and around 30% surface area is calculated to be con-
tributed by micropores. From the pore size distributions (Fig. 1f),
the uniform micropore size centred at 0.6 nm, the mesopore size
at 8.9 nm and the macropore size at 72 nm are observed. These
pore size distributions might be related tomicropores on the shell,
mesopores of yolk, and macropores of hollow spaces between the
yolk and the shell, respectively. Upon increasing the carbonisation
temperature, the resultant YSCN-200-900 exhibited a higher sur-
face area (1623 m2 g1) and pore volume (1.53 cm3 g1) as shown
in Table 1. Moreover, the XRD pattern supports its amorphous
property (Fig. 1g). These results confirm that hierarchical yolk shell
structured carbon spheres with a microporous (0.6 nm) shell, a
mesoporous (9.5 nm) core, and macroporous (B72 nm) void have
been successfully fabricated.
To control the void space, different shell thicknesses of silica
were coated on the surface of meso-RF NPs. The silica shell
thickness can be precisely adjusted from 15, 17, 22 to 26 nm
(Fig. S1, ESI†), respectively, by simply tuning the amount of the
silica precursor, tetraethyl orthosilicate (TEOS), from 80, 100,
150 to 200 mL. After pyrolysis at 700 1C, it was found that solid
phase separation started to occur when the silica shell is 15 nm.
The thicker the silica shell, the smoother the carbon shell
surface (Fig. S2a–c, ESI†) and a more confined void space
(Fig. S2d–f, ESI†) would be obtained in the resultant YSCNs.
To further control the pore size and structures of the carbon
shell, as-synthesised RF NPs were soaked in an iron salt
aqueous solution before coating the silica layer. The resultant
YSCNs can generate large pores on the carbon shell (denoted as
LP-YSCNs-a-b) (Fig. S3, ESI†).
Active heteroatom nitrogen can also be selectively doped on
the shell of YSCN to form nitrogen doped yolk–shell structured
carbon nanospheres (N-YSCNs, Route 2). An aminophenol
formaldehyde resin polymer layer was coated on the surface
of as-synthesised RF NPs to obtain as-synthesised RF@APF
NPs (Fig. S4, ESI†). This was followed by coating with silica,
Scheme 1 Schematic illustration of the procedure for synthesis of yolk–
shell structured carbon nanospheres (YSCNs) in route 1 and nitrogen
doped yolk–shell structured carbon nanospheres (N-YSCNs) in route 2.
Fig. 1 (a) TEM image of YSCN-200-700; (b) HRTEM of yolk in YSCN-200-
700; (c) SEM image of YSCN-200-700; (d) HRSEM image of broken YSCN-
200-700; (e) N2 sorption of isotherm of YSCN-200-700; (f) pore size
distribution of YSCN-200-700; (g) XRD pattern of YSCN-200-700.
Table 1 Textural parameters of porous carbon nanospheresa
Sample
SBET
(m2 g1)
Smicro
(m2 g1)
Vtotal
(cm3 g1)
Vmicro
(cm3 g1)
YSCN-200-700 1068 343 0.97 0.15
YSCN-200-900 1623 551 1.53 0.24
LP-YSCN-200-900 1222 397 1.78 0.18
N50-YSCN-200-700 807 174 0.74 0.07
a SBET is the specific surface area calculated using the BET equation in
the relative pressure range of 0.05–0.25; Vtotal is the single point pore
volume obtained from adsorption isotherms at P/P0 = 0.99; Smicro and
Vmicro are the specific surface area and the pore volume of micropores
calculated from the t-plot model.
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pyrolysis and HF etching to obtain the resulting N-m-YSCN-a-b
(Scheme 1). From TEM (Fig. 2a), the spherical N-50-YSCN-200-
700 has a uniform particle size of 196 nm with a 24 nm thick
N-doped carbon shell. The HRTEM image clearly shows that the
ordered mesoporous yolk is encapsulated into the hollow space
(Fig. 2b). The SEM image (Fig. 2c) shows a smooth surface with
uniform mesopores on the carbon shell and the carbon yolk
located in the hollow space of a broken hemisphere. The
HRSEM image (Fig. 2d) illustrates that the yolk of N-50-YSCN-
200-700 has a uniform mesostructure. The mixed type I and IV
N2 sorption isotherms indicate the production of a hierarchical
micro-meso porous structure. The relatively low surface area
(807 m2 g1) and pore volume (0.73 cm3 g1) might be attributed
to a thick N-doped carbon shell in which the porous channel did
not fully open (Table 1). To control the N doped carbon shell
thickness and carbon yolk diameter, different amounts of carbon
precursors, aminophenol, were used to precisely adjust the shell
thickness and yolk size (Fig. S5 and S6, ESI†). It was found that
the yolk size decreased from 80 to 40 nm as the N doped carbon
shell thickness increased from 22 to 55 nm. Accordingly, the
surface area of N-YSCNs can also be tailored from 1035 to
646 m2 g1, which is due to the loss of the opened porous
channel on the N doped carbon shell with increased thickness
(Table S1, ESI†). The XPS survey spectrum shows that the
surface chemistry of the N-50-YSCN-200-700 shell consists of
carbon, oxygen and nitrogen in the atomic ratio 92.0%, 5.1%
and 2.9%, respectively. The high resolution N 1s spectrum
illustrates three overlapping peaks corresponding to pyridinic
nitrogen (398.5 eV), graphitic nitrogen (400.6 eV) and oxidised
nitrogen (401.9 eV). From the above two synthesis routes, various
hierarchical porous yolk–shell carbon spheres have been synthe-
sised, in which both the pore size on the shell and the void space
can be tailored. The structure of the porous carbon shell can be
graphitic carbon or N-doped carbon.
The supercapacitor performances of the obtained YSCNs,
LP-YSCNs and N-YSCNs were measured by cyclic voltammo-
gram (CV) and galvanostatic charge–discharge in a three-electrode
system. Fig. 3, S7, S8 and S9 (ESI†) show the CV curves of the
YSCNs and N-YSCNs obtained from a three-electrode cell under a
potential window of 1.1 to 0.3 V (vs. Ag/AgCl) at different scan
rates. The specific capacities of YSCN-200-700, YSCN-200-900,
N-50-YSCN-200-700, N-200-YSCN-200-700 are 107, 139, 145,
159 F g1 (in 10 mV s1), respectively. Compared with the
sample pyrolysed at 700 1C (YSCN-200-700), the 900 1C pyrolysis
sample (YSCN-200-900) has a relatively good rectangular shape
at a voltage scan rate up to 500 mV s1 (Fig. 3), indicating
typical double-layer capacitance behaviour and excellent high
rate capacitance, which is mainly attributed to abundant micro-
pores generated in our carbon NPs during the high temperature
carbonisation process. The peaks at the end of CV scan are
probably subject to carbon oxidation during this process and
could be eliminated by selecting a lower potential range. In
addition, large mesopores generated in LP-YSCN-200-900 show
minimum capacity reduction at a high scan rate (Fig. S7, ESI†)
due to the ion-buffer effect provided by its large mesopores.
Introducing an active heteroatom nitrogen doped carbon shell
can improve the electrochemical performance because nitrogen
atoms can act as electron donors and improve the electronic
conductivity of YSCNs. (Fig. S8, ESI†) The capacity of the
N-YSCN series is significantly higher than that of the YSCN series,
Fig. 2 (a) TEM image of N-50-YSCN-200-700; (b) HRTEM image of
N-50-YSCN-T200-700; (c) SEM image of N-50-YSCN-200-700; (d) HRSEM
image of N-50-YSCN-200-700; (e) N2 sorption isotherm of N-50-YSCN-
200-700; (f) XPS survey spectrum of N-50-YSCN-200-700 and its corre-
sponding high resolution N 1s spectrum.
Fig. 3 (a–d) CV curve of YSCN-200-700, YSCN-200-900, N-50-YSCN-
T200-700, N-50-YSCN-900 respectively.
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which is due to the nitrogen doping (Table S2, ESI†). Graphitic
nitrogen and oxidized nitrogen as shown in Fig. 2f can improve
the electrical conductivity of electrodes, pyridinic nitrogen is
responsible for the enhanced pseudocapacitance.21 Moreover,
the N-YSCNs series has superior electronic capacitance com-
pared to that of core–shell structured N-CSCNs (Table S2, ESI†)
because of the abundant mesopores and macropores in N-YSCNs,
contributing to low-resisted ion diffusion and improved capacitance
due to a greater ion-buffer reservoir. The charge–discharge curves
of the YSCN-200-900, N-50-YSCN-200-900 and LP-YSCN-200-900 in
Fig. S10a–c (ESI†) show the expected triangular shapes at current
densities ranging from 1 to 20 A g1, indicating excellent conduc-
tivity of these yolk–shell structured nanoparticles. In Fig. S10d
(ESI†), the LP-YSCN-200-900 has superior specific capacitance and
slower capacitance retention than YSCN-200-900 and N-50-YSCN-
200-900 at a high current density 20 A g1.
In conclusion, we have successfully prepared yolk–shell
structured carbon nanospheres (YSCNs) with an ordered meso-
porous carbon yolk and a microporous carbon shell in a
controlled sequence. Moreover, we have demonstrated that
the pore size on the shell can be tailored from a micropore
(0.6 nm) scale to large mesopores (B40 nm), the hollow space
can also be varied by tuning the thickness of the silica layer
coating. Furthermore, yolk–shell carbon spheres with a graphitic
carbon or N-doped carbon shell have also been designed by
using aminophenol formaldehyde resin as a coating layer
followed by a carbonisation process. These yolk–shell carbon
nanospheres have excellent performances (a maximal specific
capacitance of 159 F g1) as supercapacitor electrodes due to
their hierarchical porous structures. Abundant micropores in
YSCNs result in typical double layer capacitance behaviour and
excellent high rate capacitance; large mesopores in LP-YSCNs
show minimum capacitance reduction at a high scan rate due
to their ion-buffer effect; and introducing an active nitrogen
doped carbon shell improves the electrochemical performance
because nitrogen atoms can act as electron donors. Alternatively,
these hierarchical carbons would have promising applications in
many fields such as drug delivery.
J.L. gratefully acknowledges the support of JSPS Invitation
Fellowship, UQ Foundation Research Excellence Award and Curtin
University Pro Vice-Chancellor Awards for Research Excellence.
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Section S1. Chemicals and reagents
Chemicals: Hexadecyltrimethylammonium bromide (CTAB, 99%), Pluronic F127, 
tetraethylorthosilicate (TEOS, 99%), resorcinol (99%), 3-aminophenol (98%), ammonium 
hydroxide solution (25%) and formaldehyde aqueous solution (37%) were purchased from 
Sigma-Aldrich company. Fluorocarbon surfactant, FC4, was bought from Yick Vic 
Chemicals (Hong Kong). Water was purified by a Milli Q system and had an electrical 
resistance of 18 MΩ•cm.
Section S2. Characterization
Transmission electron microscopy (TEM) measurements were conducted on a JEM-2100F 
microscope (JEOL, Japan) operated at 200 kV. The samples for TEM measurement were 
suspended in ethanol and supported onto a holey carbon film on a Cu grid. Scanning electron 
microscopy (SEM) was taken with a JEOL-7800F field emission electron microscopy. The 
N2-sorption experiments were performed at 77 K on a Micromeritics Tristar 3000 system 
with micropore analysis. Prior to the measurement, the samples were out-gassed at 120 °C for 
at least 6 h. The Brunauer–Emmett–Teller (BET) specific surface areas were calculated using 
adsorption data at a relative pressure range of P/P0 = 0.05–0.25. The total pore volumes were 
estimated from the amount of nitrogen adsorbed at a relative pressure (P/P0) of 0.99. XPS 
Data was acquired using a Kratos Axis ULTRA X-ray Photoelectron Spectrometer, their 
atomic concentrations were calculated using the CasaXPS version 2.3.14 software and a 
Shirley baseline with Kratos library Relative Sensitivity Factors (RSFs). Peak fitting of the 
high-resolution data was also carried out using the CasaXPS software.
Section S3. Synthesis of Hierarchical Mesoporous Carbon Spheres
Synthesis of YSCN: As-synthesised mesoporous RF resin spheres were prepared via the 
method reported previously with slightly modification.1 In a typical synthesis of YSCN, 100 
mg as-synthesised mesoporous RF resin spheres were dispersed in 40 mL CTAB aqueous 
alcoholic solution (5.14 mmol/L, Vwater/Vethanol, 5:3), 200 µL ammonium hydroxide 
solution was then added and kept stirring for 30 minutes, then different amount of silica 
precursor tetraethyl orthosilicate (TEOS) was poured into the above solution and kept stirring 
for another 6 h. After stopping reaction by centrifuge and washing with ethanol and water for 
several times, the sample of RF@SiO2 is obtained by drying in 100 °C oven. To obtain 
YSCN@meso-SiO2, the RF@SiO2 is pyrolysed under nitrogen flow in the tube furnace using 
a heating rate of 1°C/min up to 350 °C, dwelling for 2 h, and resuming heating rate at 1 
°C/min up to 700 °C and then dwelling for 4 h. Finally, the YSCN were obtained after HF 
etching process in 20 mL 10% HF solution. Then the final product YSCNs were washed by 
water to remove HF acid completely and dried at 100 °C in oven overnight. The resulting 
powder products were denoted as YSCN-a-b, where a is a representative of adding amount of 
TEOS (80, 150, and 200 µL), b is indicating the carbonisation temperature (700 and 900 °C).
Synthesis of LP-YSCN: As-synthesised mesoporous RF resin spheres were prepared via the 
method reported before. 100 mg as-synthesised mesoporous RF resin spheres were dispersed 
in 10 mL iron acetate solution (0.1M) overnight. Fe2+ ions were removed by centrifuge and 
washed with water and ethanol for several times. Then the RF resin spheres were dispersed in 
40 mL CTAB aqueous alcoholic solution (5.14 mmol/L, Vwater/Vethanol, 5:3), after adding 
200 µL ammonium hydroxide solution and keep stirring for 30 minutes, different amount of 
silica precursor TEOS was added and kept stirring for 6 h. After stopping reaction by 
centrifuge and washing with ethanol and water several times, the sample of RF@SiO2 is 
obtained by drying in 100 °C oven. To obtain LP-YSCN@meso-SiO2, the RF@SiO2 is 
pyrolysed under nitrogen flow in the tube furnace using a heating rate of 1°C/min up to 350 
°C, dwelling for 2 h, and resuming heating rate at 1 °C/min up to 900 °C and then dwelling 
for 4 h. Finally, the YSCN were obtained after HF etching process in 20 mL 10% HF 
solution. Then the final product YSCNs were washed by water to remove HF acid completely 
and dried at 100 °C in oven overnight, and the product is denoted as LP-YSCS-a-b, where a 
is a representative of adding amount of TEOS (200 µL), b is indicating the carbonisation 
temperature (900 °C).
Synthesis of CSCNs: As-synthesised mesoporous RF resin spheres were prepared via the 
method reported before.1 The APF coating process is conducted based on our previous 
study.1 Firstly, 0.13 g CTAB, 0.1 g F127 and 0.2 g cysteine was dissolved in 28 mL aqueous 
alcoholic solution (Vwater/ Vethanol. 5:2). Secondly, 100 mg as-synthesised mesoporous RF 
resin spheres were dispersed in above solution. Different amount of 3-aminophenol and 
formaldehyde solution were added in every 30 minutes. After reaction for 24 h, the above 
solution were transferred to autoclave and heated in 100 °C oven for another 24 h. The 
sample of RF@APF is obtained after washing in ethanol and water several times then dried in 
100 °C oven. The CSCN products were obtained after pyrolysing RF@APF resin spheres in 
the tube furnace using a heating rate of 1°C/min up to 350 °C, dwelling for 2 h, and resuming 
heating rate at 1 °C/min up to 700 °C and then dwelling for 4 h. 
Synthesis of N-YSCNs: The as-synthesised RF@APF was prepared by above procedure. To 
obtain RF@APF@SiO2 nanoparticles, 100 mg as-synthesised core-shell RF@APF resin 
spheres were dispersed in 40 mL CTAB aqueous alcoholic solution (5.14 mmol/L, 
Vwater/Vethanol, 5:3), after addition of 200 µL ammonium hydroxide solution and keep 
stirring for 30 minutes, different amount of silica precursor TEOS was added and kept 
stirring for 6 h. After stopping reaction by centrifuge and washing with ethanol and water 
several times, the sample of RF@APF@SiO2 is obtained by drying in 100 °C oven. To obtain 
N-YSCN@meso-SiO2, the RF@APF@SiO2 is pyrolysed under nitrogen flow in the tube 
furnace using a heating rate of 1°C/min up to 350 °C, dwelling for 2 h, and resuming heating 
rate at 1 °C/min up to 700 °C and then dwelling for 4 h. Finally, the N-YSCNs were obtained 
after HF etching process in 20 mL 10% HF solution. Then final product N-YSCNs were 
washed by water to remove HF acid completely and dried at 100 °C in oven over night, and 
the product is denoted as N-m-YSCS-a-b, where a is a representative of adding amount of 
TEOS (200 µL), b is indicating the carbonisation temperature (700 and 900 °C), and m (20, 
50, and 200 mg) is the addition amount of aminophenol.
Section S4. Electrochemical measurement
In a typical electrochemical measurement, 2 mg carbon powder was dispersed in 1 ml 0.2 % 
Nafion aqueous solution by ultrasonication. 10 µL of the dispersion was dipped onto a the 
glassy carbon electrode (5 mm in diameter) and dried under ambient condition. About 0.1 mg 
cm-2 catalyst was loaded on the electrode. The electrode was then used as the working 
electrode in a 3-electrode electrochemistry system. In the system, a Ag/AgCl electrode (in 4 
M KCl) and a Pt wire were used as the reference electrode and the counter electrode 
respectively. Nitrogen saturated 1 M KOH aqueous solution was used as the electrolyte. 
Cyclic voltammetry (CV) was applied to the working electrode between 0.3 V and -1.1 V at 
scanning rate between 10 mV s-1and 500 mV s-1. The charging/discharging is measured from 
-1.1 V to 0.2 V and then back to -1.1 V. The current densities range from 1 A g-1 to 100 A g-1.
Reference:
1. J. Liu, T. Yang, D.-W. Wang, G. Q. Lu, D. Zhao and S. Z. Qiao, Nature Commun, 2013, 4, 
2798
Table S1 Physical and chemical properties of hierarchical YSCNs and N-YSCNs
Sample
Particle 
size (nm)
Yolk 
diamerter 
(nm)
Shell 
thickness 
(nm)
BET surface 
area (m2/g)
Pore 
volume 
(cm3/g)
C 1s O 1s N 1s
YSCN-80-700 187 93 27 1236 1.1 94.2 5.8
YSCN-100-700 184 67 25 1010 0.91 94.6 5.4
YSCN-150-700 188 64 23 810 0.7 94.5 5.5
YSCN-200-700 190 61 21 1068 0.97 94.8 5.2
YSCN-200-900 168 62 7 1623 1.53 92.4 7.6
N-20-YSCN-
200-700
184 80 22 1035 0.86 93.4 5.7 0.9
N-50-YSCN-
200-700
196 81 24 807 0.73 92 5.1 2.9
N-150-YSCN-
200-700
316 49 45 725 0.53 90 5.9 4.1
N-200-YSCN-
200-700
359 40 55 646 0.48 90.1 5.9 4
  
Table S2 Capacitances of hierarchical YSCNs and N-YSCNs with different nanostructures and 
compositions
Samples 10mV/s 20mM/s 50mV/s 100mV/s 200mV/s 500mV/s
YSCN-200-700 107 99 85 74 63 50
YSCN-200-900 139 135 126 117 107 87
LP-YSCN-200-
900
133 131 129 127 124 121
N-20-YSCN-
200-700
108 94 79 70 63 54
N-50-YSCN-
200-700
145 136 120 110 102 94
N-50-YSCN-
200-900
146 144 137 131 122 103
N-150-YSCN-
200-700
148 142 132 125 119 110
N-200-YSCN-
200-700
159 151 140 133 125 114
N-20-CSCN-
200-700
53 52 49 45 40 32
N-50-CSCN-
200-700
58 57 54 48 44 36
N-200-CSCN-
200-700
105 99 91 84 80 77
Figure S1 a-d) TEM image of YSCN@meso-SiO2-80-700, YSCN@meso-SiO2-100-700, YSCN@meso-Si O2-150-700, 
YSCN@meso-SiO2-200-700.
Figure S2 a-c) SEM images of YSCN-80-700, YSCN-100-700 and YSCN-150-700; d-f) TEM images of YSCN-80-700, 
YSCN-100-700 and YSCN-150-700.
Figure S3 a) TEM image of LP-YSCN-200-900; b) HRTEM of shell in LP-YSCN-200-900; c) SEM image of LP-
YSCN-200-900; d) HRSEM image of broken LP-YSCN-200-900; e) N2 sorption isotherm of LP-YSCN-200-900 and 
inserted BJH pore size distribution of LP-YSCN-200-900.
In Figure S3a, the TEM image indicates that the LP-YSCN-200-900 with a uniformly ordered large mesopores were 
produced on the ultrathin 7 nm carbon shells. The HRTEM of carbon shell reveals a partially graphitic structure of 
the mesoporous carbon shell (Figure S3b). The SEM image reveals the ordered structure with abundant large pores 
on the carbon shell surface (Figure S3c), while the HRSEM image of the broken LP-YSCN-200-900 further confirms 
that the mesopores were located on the yolk and the inside of carbon shell (Figure S3d). LP-YSCN-200-900 shows a 
type of I and IV mixed N2 sorption isotherm with three condensation steps at relative pressures P/P0 of 0.2-0.45, 0.7-
0.8, 0.85-0.95, respectively (Figure S3e), which is a characteristic feature of hierarchical porous architectures with 
high BET surface area (1222 m2/g) and ultra-large pore volume (1.78 cm3/g, Table 1). The pore size distribution 
shows that the primary, secondary, tertiary and quaternary pore diameters are centred at 0.6, 45, 74 and 111 nm, 
respectively (Figure S3e insert). This can be attributed to micropores on the yolk and shell, large mesopores on the 
shell and void size and particle-particle interspace, respectively. The XPS survey spectra of LP-YSCN-200-900 shows 
only carbon and oxygen elements with no Fe catalyst remaining. The high resolution C1s spectrum indicates that the 
carbon shell is dominate with C-C bonding (284.6 eV), along with C-O (286.4 eV), C=O (287.5 eV) and O-C=O (289.1 
eV), consistent with the O1s spectrum.
Figure S4 TEM image of RF@APF50.
Figure S5 a-d) SEM images of N-20-YSCN-200-700, N-50-YSCN-T200-700, N-150-YSCN-200-700, N-200-YSCN-200-
700; e-h) TEM images of N-20-YSCN-200-700, N-50-YSCN-T200-700, N-150-YSCN-200-700, N-200-YSCN-200-700; 
i-l) HRTEM images of N-20-YSCN-200-700, N-50-YSCN-T200-700, N-150-YSCN-200-700, N-200-YSCN-200-700.
Figure S6 a-d) TEM images of N-20-CSCN-700, N-50-CSCN-700, N-150-CSCN-700, N200-CSCN-700; e-h) SEM 
images of N-20-CSCN-700, N-50-CSCN-700, N150-CSCN-700, N-200-CSCN-700.
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Figure S7 CV curve of LP-YSCN-200-900.
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Figure S8 a-d) CV curve of N-20-YSCN-200-700, N-150-YSCN- 200-700, N-200-YSCN-200-700 respectively.
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Figure S9 a-d) CV curve of N-20-CSCN-200-700, N-50-CSCN-200-700 and N-200-CSCN-200-700 respectively.
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Figure S10 a-c) Galvanostatic charge/discharge curves of the a) YSCN-200-900, b) N50-YSCN-200-900 and c) LP-
YSCN-200-900; d)Specific capacitance plot of the YSCN-200-900, N50-YSCN-200-900 and LP-YSCN-200-900 
calculated from the discharge curves versus current density.
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Chapter 7 
         Conclusions and recommendations 
 
 
7.1 Conclusions 
This thesis has been devoted to the development of functional carbonaceous nanoparticles 
with 'smartly' controlled compositions, morphologies, porosities and functionalities. 
Carbonaceous nanoparticles with various morphologies and structures such as hollow, core-
shell and yolk-shell structures have been well prepared. In addition, porous carbon 
nanoparticles with microporous, mesoporous, macroporous or hierarchical porous structures 
have been produced. Moreover, heteroatom doped, graphitized as well as activated carbon 
nanoparticles have been successfully fabricated in order to improve the performance of 
carbon nanoparticles. Interestingly, metal encapsulated or metal decorated carbon 
nanoparticles have also been studied. This family of carbonaceous nanoparticles show a 
potential application in therapeutics delivery, catalysis and energy storage and conversion.  
The first major contribution is to develop monodisperse metal/metal oxide@carbon core-shell 
nanospheres by an extended Stöber method. It is an important finding that the organic sol-gel 
of resorcinol/formaldehyde (RF) resins is analogous to the silicate sol-gel process. Based on 
this concept, we also proved that the well-known Stöber method can be extended to produce 
not only microporous carbon nanoparticles but also core-shell and yolk-shell structured 
carbon nanoparticles. The shape and thickness of the shell can be tuned through simply 
adjusting the synthesis parameters. This synthesis approach is considered to be low cost and 
more suitable for industrial production. Because of the tunability and functionality of both 
cores and shells, these complex core-shell and yolk-shell spheres would have potential 
application as nanocatalysts, which have been confirmed by our preliminary photocatalysis 
study. 
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The second major contribution in this thesis is to prepare N-doped mesoporous carbon 
nanosphere (N-MCN) via a dual surfactants soft template method. This general synthesis 
protocol has been extended to prepare N-doped hollow mesoporous carbon nanospheres (N-
HMCNs) with different shell thickness (from 9 to 26 nm) via an outer-silica-assisted method. 
Besides, graphitic as well as dual heteratoms doped mesoporous carbon spheres have been 
successfully synthesized by post treatment method. All the resulting materials showed 
advanced ORR performance, in particular, the N-HMCNs with 22 nm mesoporous shell 
exhibited the highest ORR activity. In the ORR evaluation, all heteroatom doping, graphitic 
degree and porous structure control techniques have significant contribution to improve their 
ORR performance. This concept paves the way to design high performance ORR catalyst 
with well-defined graphitic structure, high surface area and homogeneous distribution of 
abundant nitrogen active site. 
Thirdly, diverse noble-metal (Pt, Au, Rh, Ru, Ag, Pd and Ir) nanoparticles and their 
bimetallic counterparts (AuPt, AuRh and PtRh) were in-situ supported on N-doped 
mesoporous carbon nanoparticle (N-MCN) via a simple impregnation and reduction method. 
Based on this strategy, confined noble-metal nanoparitlces in the void of N-doped hollow 
mesoporous carbon nanospheres (N-HMCN) have also been fabricated. These carbon 
supported metal nanocrystals are highly uniform and monodispersed onto carbon spheres. In 
addition, supported metal nanocrystals prepared from this method have the smallest particle 
size among all ligand-free supported metal nanocrystals reported so far. The catalytic 
hydrogenation performance of these carbon supported metallic or bimetallic nanoparticles has 
been evaluated. All the resulting materials show excellent hydrogenation activity. 
Specifically, carbon supported Pt nanocrystals have the best conversion with the highest TOF 
while carbon supported Au nanocrystals have the 100% selectivity at 353k. 
The fourth major contribution in this thesis is to prepare hierarchical yolk-shell structured 
carbon nanospheres (YSCNs) with an ordered mesoporous carbon yolk, macroporous void 
and microporous carbon shell in a controlled sequence. Moreover, we have demonstrated that 
the pore size on the shell can be tailored from a micropore (0.6 nm) scale to large mesopores 
(~40 nm), the hollow space also can be varied via a versatile Stöber coating method. 
Furthermore, yolk-shell carbon spheres with a graphitic carbon or N-doped carbon shell have 
also been designed by using aminophenol formaldehyde resin as a coating layer followed by 
a carbonisation process. These yolk-shell carbon nanospheres have excellent performances (a 
maximal specific capacitance of 159 F·g-1) as supercapacitor electrodes due to their 
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hierarchical porous structures. Abundant micropores in YSCNs result in typical double layer 
capacitance behaviour and excellent high rate capacitance; large mesopores in LP-YSCNs 
show minimum capacitance reduction in high scan rate as their ion-buffer effect; and 
introducing active nitrogen doped carbon shell improve the electrochemical performance 
because nitrogen atoms can act as an electron donor. 
In summary, these studies provide a systematic study to prepare carbonaceous nanoparticles 
family with well controlled morphologies, porosities, compositions and functionalities. This 
study also paved the way of molecular designed carbonaceous platform in nanoscale for 
potential applications including therapeutics delivery, nanoreactors and energy storage and 
conversion nanodevices. 
7.2 Recommendations 
Although this thesis shows a great progress in the development of carbonaceous nanoparticles, 
current synthesis method cannot provide carbonaceous nanoparticles in all optimized 
properties for diverse application. Herein, the current difficulties in material synthesis and 
their potential applications would be discussed. 
Materials synthesis 
Althrough so many techniques have been developed in the porosity control, the correlation 
among micropores, mesopores and macropores in mass and energy transfer and how to 
organise pore size distribution in a desired range need to be better studied. In addition, the 
diverse morphology control techniques provide great opportunities to engineer carbon 
nanoparticles in desired morphology for beneficial performance in their utilization. However, 
it is still difficult to adjust their morphology transition in a spacial and temporal drive and 
how to control this morphology transition in reverse or even recycle manner would be highly 
expected. Moreover, is there a general alternative to ideally dope heteroatoms (nitrogen, 
boron, phosphorous, sulphur and fluorine) as single and multiple species in a carbon 
framework with optimized atomic interactions? In addition, how do we selectively deposite 
monodispersed metal or alloy nanoparticles with high energy facet on a carbon support? It 
has currently been elusive to solve these pioneering problems.  
As far as I concern, rational design carbon-polymer composite should be one promising 
option to obtained reversible or recycled morphology control in the aid of unique polymer 
porperties. In addition, new developments toward precursor molecules could be a promising 
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synthetic route to accurately control heteroatoms positions in carbon frameworks. More 
importantly, developments in other fields of nanotechnology, including in-situ 
characterizations and DFT (density functional theory) simulations, can bring researchers in 
material chemistry more ideas to design carbon supported metal nanocrystals with high 
energy facet in their nanoreactor applications. 
Engineered application 
In order to better design carbon nanoparticles for their specific utilization, the relationship 
among porosity, morphology, functionality and composition of carbon nanoparticles needs to 
be further identified in future studies for targeting applications as delivery vehicles, 
nanoreactors and energy storage and conversion nanodevices. For delivery vehicles, it would 
be interesting to graft multifunctional polymers on the carbon surface to endow advanced 
properties such as long circulation time, controlled release, drug and gene co-delivery or even 
theranostic (therapeutic+diagnostic) delivery. Besides, more precise in-situ studies on 
catalytic mechanism arising from metal decorated carbon nanoparitcles, different metal 
nanoparticles confined in desired layer of multishelled carbon nanoparticles with demanding 
sequence. This could be truly applied as smart nanoreactors for cascade coupling reaction. 
Moreover, carbon nanoparticles with hierarchical porosity, controlled morphology and 
improved conductivity would significantly enhance their utilization in energy storage and 
conversion such as ORR, supercapacitors, lithium-sulphur batteries.   
 
